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Analyzing the derecho system
over Poland on 11 August 2017.

Preface to the topical issue

Mateusz Taszarek
Adam Mickiewicz University, Department of Meteorology and Climatology

Michat Z. Ziemianski
Institute of Meteorology and Water Management - National Research Institute



On the evening of 11 August 2017, a well organized mesoscale convec-
tive system (MCS: Houze 2018) moved through western and northern
parts of Poland and produced a widespread wind damage. With peak wind
gusts exceeding 150 km/h this storm had a remarkable intensity and resulted
in 6 fatalities, 58 injuries and 79700 ha of forest being destroyed. In terms
of both induced damage and social impacts, it was one of the most impactful
convective storms observed in the modern era of radar measurements in Po-
land (Surowiecki, Taszarek 2020).

This storm rapidly intensified in the late afternoon hours over southwest-
ern Poland when discreet convective cells organized into a squall line con-
sisting of an embedded mesocyclone. In the later stages, the latter evolved
into a mesoscale convective vortex (MCV; Bartels, Maddox 1991), which
had a major contribution in the production of the most significant sur-
face winds. In the mature stage, a strong cold pool lead to the formation
of a large bow-echo (Klimowski et al. 2004). Nearly 1200 severe wind re-
ports on the distance exceeding 450 km associated with this storm allowed
to classify it as a derecho (a long-lived convective windstorm producing
a widespread straight-line wind damage), consistent with definition provid-
ed by Johns and Hirt (1987).

Squall lines with bow-echo occur in Poland on average 10 times per year
while those rcaching a derecho criteria are much rarer with an average fre-
quency of 1 per year (Celiniski-Myslaw, Matuszko 2014; Celiniski-Mystaw,
Palarz 2017). However, the extreme intensity of derecho on 11 August 2017
appears to be very unique not only for Poland, but also in comparison with
other derecho events across Europe and the United States (Guastini, Bosart
2016; Gatzen et al. 2020, Chernokulsky et al. 2022).

Due to immensely large social impact produced by this storm, it has be-
come increasingly important to better understand how it developed, why
it reached such intensity, how it was registered by observational systems,
and finally, whether numerical weather models were able to predict such
intensity? Providing answers to these questions may allow operational fore-
casters to better predict similar storms in the future while lessons learned
from the outcome of 11 August 2017 may also provide future guidance
to Cmf:l‘gcncy managcrs.

Addressing aforementioned questions was the main motivation for
this topical issue in Meteorology Hydrology and Water Management.
The collection of articles elaborated by employees of the Polish Institute
of Meteorology and Water Management — National Research Institute
(IMGW-PIB) extends the findings of the initial work by Taszarek et al.
(2019) by analyzing in greater detail the derecho event of 11 August 2017.
The collection responds mainly to the vital need to further develop and im-
prove the capabilities to effectively forecast and warn against such devastat-
ing convective storms. That includes an improvement in their understanding
on the level of operational forecasters but also research scientists. The way
toward that goal is to extensively document such cases using information
from available observing systems. It is essential to consider the atmospheric
environment supporting the existence of the systems, and study their de-
velopment, evolution, and internal dynamics. On the other side, it is also
essential to analyze and document the capabilities of the state-of-the-art
operational numerical weather prediction tools and their ability to repre-
sent the basic dynamical processes associated with such convective systems.
The observational and numerical studies, published in this collection, use
the tools and products currently available at the time of writing (some even
developed in the aftermath of the 2017 derecho), but many of them were not
available at the time the event took placc.

The opening article by Wrona et al. (2022) analyzes the synoptic

and mesoscale conditions characterizing the atmospheric environment
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of the derecho system. The study confirms the presence of essential synop-
tic-scale ingredients for severe weather outbreak, including strong upper
winds and large thermodynamic instability. It also shows a large-scale ascent
known to dynamically force the development of the mesoscale convective
systems. On the mesoscale, it indicates that the linear convective system,
forming the derecho later, developed and propagated along the eastern edge
of the vast cold pool resulting from the earlier deep convective development
over southwest Poland.

The following two studies analyze the remote sensing observations
of the derecho. Luszczewski and Tuszyriska (2022) use reflectivity and Dop-
pler radar data to study the evolution of the derecho’s main convective fea-
tures, especially the mesocyclone and rear inflow jet. The analysis revealed
the details of the evolving structure of these interacting flows which decisive-
ly affected the intensity of the storm. Eapeta et al. (2021) present a collection
of satellite products characterizing the environmental susceptibility for con-
vection and its development, followed by the variety of products visualizing
the convection, itself, and allowing to analyze its evolution, organization
and strength.

The final set of studies analyzes the results of various numerical weath-
er prediction tools. Figurski et al. (2021) use the WRF model to analyze
the dependence of the forecasts on the source of the initial and boundary
conditions, forecast initiation time, and model resolution. Kolonko et al.
(2023) compare the results of the ALARO and AROME models for varying
initiation times. They also present the models’ representations of the meso-
scale structure of low tropospheric flow and its vorticity. A work from Mazur
and Duniec (2023) use the COSMO model to investigate to what extent
increasing model resolution affected quality of the forecast for 11 August
2017. They found that the reduction of horizontal grid size from 7 km
to 2.8 km increased the forecasts’ value much more than the further grid size

reduction from 2.8 km to 0.7 km.

We hope that articles available in this topical issue contribute to better
understanding of derecho storms, will be of interest for scientists working
in the area, and can serve as a future guidance for operational forecasters
and emergency managers. The question is not whether storm of similar inten-

sity to that of 11 August 2017 will occur again, but rather when and where.
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Synoptic conditions

of the derecho storm.
Case study of the derecho
event over Poland

on August 11, 2017/
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ABSTRACT. This study presents a comprehensive synoptic analysis of one of the most violent storms recorded in recent years in the north-western part of Poland,
which occurred on August 11, 2017. Its development took place ahead of a waving cold front in the tropical air mass, downstream of the upper-level trough.
The thunderstorms formed over Lower Silesia in the afternoon and moved towards Gdansk Pomerania to occur over the Baltic Sea after midnight on August
12, 2017, where they gradually disappeared. As the thunderstorms moved through this area, they ranged from single convective cells and unorganized multicell
storms through supercell thunderstorms to mesoscale convective systems in the form of bow echo squall lines and the mesoscale convective vortex (MCV).
The convective system, evolving over time, fulfilled the derecho criteria. Its development was related to the presence of both the upper and mid-level jet
stream, which supported the formation of a strong rear inflow jet (RIJ) in the rear part of the convective system, being one of the main factors generating
the formation of a bow echo squall line with strong wind gusts. The maximum wind gusts recorded on August 11, 2017, are among the highest in the history

of Polish measurements and amounted to 42 m/s in Elblag, 36 m/s in Chrzastow, 35 m/s in Gniezno, and around 30 m/s at several other stations.

KEYWORDS: Derecho, synoptic analysis, large scale lifting, wind shear.
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1. INTRODUCTION

In Poland, thunderstorms are a frequent, almost daily phenomenon during
the warm season (from May to September). Statistically, there are about 150
days with storms in Poland (Bielec-Bakowska 2003; Taszarek et al. 2015).
However, storm structures capable of generating strong wind gusts and hav-
ing the characteristic appearance of bow-shaped lines, based on which they
are called “bow echo,” are less common. It is estimated that, on average,
the bow echo occurs about 10 times a year in Poland (Celiriski-Mystaw et al.
2019). The period of occurrence of these events is also shorter and generally
limited to the warmest months of the year, i.c., from May to August (Celins-
ki-Mystaw, Palarz 2017). On the other hand, derecho phenomena, which are
the more intense type of bow echo in terms of the strength of wind gusts
and their spatial and temporal extent, are less frequent. Derecho phenom-
ena, on average, are recorded once a year in Poland, although sometimes,
they do not occur at all in a given year (Celiriski-Myslaw, Matuszko 2014;
Surowiecki, Taszarek 2020). The mechanisms of the formation and devel-
opment of both phenomena are similar. Bow echo is classified as a derecho;
when characterized by an appropriate evolutionary cycle, it meets the condi-
tions allowing for development and persistence in the environment for sev-
eral hours, reaches certain spatial dimensions, affects a specific area, and is ac-
companied by wind gusts exceeding certain thresholds (Fujita 1978; Johns,
Hirt 1987; Evans, Doswell 2001; Coniglio et al. 2004).

Most relevant publications in European literature described a derecho
as a case study, with comprehensive analysis from an environmental point
of view, which often plays a decisive role in the development of this phenome-
non (Punkka etal. 2006; Lopez 2007; Gatzen et al. 2011; Hamid 2012; Gos-
podinow et al. 2015; Taszarck et al. 2019; Sipos et al. 2021; Chernokulsky
etal. 2022). Fewer studies from Europe present climatological characteristics
of long time series derechos (Gatzen et al. 2020). In this context, two Pol-
ish publications, which examine the derecho phenomenon in annual series,
starting in 2007, are relatively well presented (Celiniski-Mystaw, Matuszko
2014; Surowiecki, Taszarek 2020). The derecho which occurred in 2017
near Suszek village was subject of a higher number of studies because it seems
to be the most violent windy phenomenon which appeared in Poland during
the last decade (Taszarek et al. 2019; Figurski et al. 2021; Eapeta et al. 2021;
Euszczewski, Tuszyniska 2022). This article presents a comprehensive syn-
optic analysis of this case and constitutes a part of a derecho monograph,
together with two recent publications on radars and satellites.

The violent storm that occurred on August 11, 2017, met the derecho
criteria (Johns, Hirt 1987; Ccliﬁski-Myslaw, Matuszko 2014; Taszarek
et al. 2019), although not those proposed by Corfidi et al. (2017), and was
the most hazardous, recently recorded one in Poland. The wind gusts were
some of the strongest in the history of Polish measurements, with a speed
of 42 m/s in Elblag, 36 m/s in Chrzastéw, 35 m/s in Gniezno, and 31
m/s in Chojnice and L¢bork. The storm zone covered almost the entire
north-western part of the country, extending from 200 to 400 km. Anal-
ysis of radar data and atmospheric lightning indicated that the thunder-
storms, which took the form of an organized convective system over time,
had begun to develop over the Sudetes in the afternoon (14-16 UTC)
and moved towards NNE. On the border of Lower Silesia and Wielko-
polska, a supercell (a thunderstorm with rotating updraft) was formed,
from which a bow-shaped line (bow echo) was generated in the evening
(19-20 UTC). The system moved further through Kujawy and Gdansk
Pomerania, where the mesoscale convective vortex (MCV) developed.
Then, crossing the region of Zuiawy Wislane, it moved over the Baltic Sea
at night (23-00 UTC). Six people died, including two children, and sever-

al dozen people were injured as a result of broken trees and buildings de-
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stroyed by the squall. According to media reports, the scale of forest damage

on the path of the storm passed reached almost 80,000 hectares.

2. PURPOSE OF THE STUDY AND SOURCE DATA
The purpose of this study is to perform a detailed synoptic analysis and doc-
umentation of the conditions in which the storm occurred over Poland’s
western and northern parts on August 11, 2017. A detailed examination
of the environment in which the derecho occurred, a rare phenomenon
in Polish conditions, the causes of its formation, and the stages of its devel-
opment are important not only from a scientific perspective but can also be
applied in practice in short-range forecasting.

Based on archive charts and data used in the operational work of the Pol-
ish Meteorological Service, we analyzed the synoptic conditions. Precisely,
we used surface and upper-level (850, 700, 500, and 300 hPa) synoptic charts
at 00 and 12 UTC, Stiive diagrams and hodographs based on atmospheric
soundings generated in Wroctaw, Eeba, and Legionowo at 00 and 12 UTC,
hourly SYNOP data from Polish synoptic stations, and meteorological data
from the automatic stations of the Meteorological Measurement and Obser-
vation Network of the IMGW-PIB.

In addition, for the analysis, we used Stiive diagrams and hodographs
based on atmospheric soundings carried out in Lindenberg, Prague, Pros-
tejov, Lviv, and Vienna, obtained from the Univ. of Wyoming database
available at htep://weather.uwyo.edu/upperair/sounding.html; atmospheric
sounding data and isobaric charts from the Plymouth State Weather Center
archive from the website https://vortex.plymouth.edu/myowxp/upa/ovr-
map-a.html; reanalysis from the GFS model hetp://wwwl.wetter3.de/ar-
chiv_gfs_de.html; KNMI surface synoptic charts (from 00, 06, 12, 18 UTC)
available on the website https://www.knmi.nl/nederland-nu/klimatologie/
daggegevens/weerkaarten; DWD surface synoptic charts (00, 06, 12, 18
UTC) available on the website http://wwwl.wetter3.de/archiv_dwd_dche-
ml; reports on dangerous meteorological phenomena from the European Se-
vere Weather Database (ESWD) from https://www.eswd.cu/.

The POLRAD radar network data and the MSG satellite images were
used to retrace thunderstorm evolution and movement in high spatial
and temporal resolution. General thunderstorm organization was deter-

mined based on the radar data.

3. METHODOLOGY
There are various definitions and approaches to “synoptic analysis” (Lozowic-
ki 1991; Kalkstein et al. 1996; Niedzwiedz 2003; Lackmann 2011). Now-
adays, complex numerical models are used to simulate and study the state
of the atmosphere as well as the causes and development of the examined
phenomenon. However, this study follows the classic synoptic analysis used
in the operational work of the Polish Meteorological Forecast Offices. Its
definition is simple and states that synoptic analysis is based on studying
the state of the atmosphere over a large area, using synoptic charts (sur-
face synoptic charts and isobaric upper-level charts) and other available
material (Niedzwiedz 2003; AMS 2021). However, this simple identifica-
tion of the “state of the atmosphere” requires a detailed analysis of the type
of air masses and their physical properties, the determination of the location
of the atmospheric fronts, as well as the vertical and horizontal air move-
ments occurring in the atmosphere, and the dependencies between them,
generating conditions for the emergence of complex weather phenomena.
The first stage of the research was the analysis of the isobaric upper lev-
el with reference to surface synoptic charts. This provided an insight into
the general distribution of air masses and their properties, also considering

the vertical structure of the atmosphere over Europe on August 11, 2017,
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Fig. 1. Surface analysis, 12 UTC on August 8-11 (a-d), 2017. N - low, W - high, PPm - polar maritime airmass, PPmc - warm polar maritime airmass,

PPk - polar continental airmass, PZ - tropical airmass.

and in the days preceding the occurrence of violent thunderstorms. The source
areas of the air masses, the direction of their inflow, and the frontal zones
separating them were analyzed. The influences of the upper- and mid-tropo-
sphere airflow on the development of the situation in the lower troposphere
was also studied in detail.

In the following stage, the physical parameters of air masses in the frontal
zone and in the warm tropical air mass were analyzed. Based on the acrolog-
ical sounding data, the vertical profiles of temperature, humidity, and wind
changes were determined. However, it should be emphasized that the sound-
ing data have low spatial and temporal resolution and therefore do not fully
reflect the evolution of the discussed situation. The acrological soundings
from Legionowo characterized the conditions cast of the developed thun-
derstorms. On the other hand, the vertical structure of the atmosphere
over Wroclaw was influenced by the convective cloudiness forming ahead
of the cold front in the period preceding the violent storm development.
When analyzing the atmospheric soundings from Eeba, located closest
to the derecho occurrence, it should be kept in mind thatat 12 UTC on Au-
gust 11,2017, the sounding was influenced by a sea breeze, and at 00 UTC
on August 12, 2017, the storm system was already present in Eeba. Sound-

ings from Prostojev, Prague, and Vienna helped to characterize the tropical
air mass that inflowed over the western part of Poland on August 11, 2017,
because the same air mass had been present over Austria and the Czech Re-
public the day before, where violent thunderstorms, including bow echo,
also occurred.

The following convective indices were used to assess the stratification
of the atmosphere: SBCAPE (Surface-Based Convective Available Poten-
tial Energy) — the potential energy available to a parcel of air lifted from
the surface; MLCAPE (Mixed Layer Convective Available Potential Ener-
gy) — the potential energy available to parcels representing the well-mixed
lowest 500-m-thick atmospheric layer; CIN (Convective Inhibition) —
a measure of the vertically integrated negative buoyancy of a rising parcel;
LI (Lifted Index) — the difference between the temperature of a parcel lifted
with average temperature and dewpoint of the layer 500 m above the surface
to the level of 500 hPa and the temperature of the surrounding (Lelatko,
Ziemianski 2004; Bakowski 2005).

To determine the vertical humidity distribution, the following indices
were used, calculated based on aerological soundings: TPW (Total Precipi-

tation Water), relative and specific humidity, surface mixing ratio.
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Fig. 2. Absolute topography map of the 500-hPa surface, 12 UTC on August 8-11 (a-d), 2017. N - low, W - high (source: IMGW-PIB).

Hodograph analysis was performed to determine the wind shear vectors
in the 0-3-km and 0-6-km layers and the mean wind vector in the 0-6-km
layer as well as to determine the relation between these vectors, which affects

the structure of developing thunderstorm systems.

4. ANALYSIS OF THE SYNOPTIC SITUATION IN THE
PERIOD PRECEDING THE SQUALL

The genesis of the mesoscale convective system that developed over Poland
on August 11, 2017, was related to the evolution of the synoptic situation
that had started a few days carlier. On August 8, 2017, eastern and partly
central Europe was covered by a surface anticyclone and upper-level ridge.
(Fig. 1a, 2a). This high-pressure system brought relatively warm but dry con-
tinental polar air from the cast toward central and northern Europe. How-
ever, in the afternoon, it began to move castwards, followed by the trough
approaching from the west towards central Europe. This initiated a change
in circulation over Poland to the southerly regions, with an inflow of warm-
er and more humid polar maritime air. An extensive trough (Rossby Wave)
was observed over the North Atlantic and western Europe in the upper
and middle troposphere (Fig. 2a), which gradually evolved into a cut-off
low over England throughout the day. Along its leading part, a waving cold
front stretched from Scandinavia to the Iberian Peninsula (Fig. 1a). Ahead
of the front, warm, moist tropical air was lying over southern Europe,

and polar maritime, warm air over central Europe, separated from the much

colder and more humid polar maritime air approaching from the Atlantic.

On the following day, i.c., 09.08.2017, there was a relatively small but sig-
nificant reconstruction of the thermobaric field. All main surface pressure
systems moved slowly eastwards, and the frontal system covered the north-
ern and western parts of Poland (Fig. 1b). The middle- and upper-tropo-
spheric low, located over Great Britain the previous day, moved toward
France, simultaneously elongating meridionally. A deep trough developed
through the entire depth of the troposphere, separating the ridges over
the Atlantic and southeast Europe (Fig. 2b). Such pressure distribution in-
tensified the advection of warm and moist tropical air from the south-west
to central Europe, including Poland.

On August 10, 2017, the synoptic situation further changed, seeming-
ly insignificantly but in fact essentially for the evolution of the conditions
for convective activity on that day, especially over the Czech Republic
and Austria, and over Poland on the following day. The extensive upper-level
trough, with the cut-offlow over France, began to change its orientation from
SW-NE to S-N direction (Fig. 2c). Such a pattern strengthened the direct,
meridionally oriented tropical air mass advection from the Mediterranean
basin over central Europe, including south-eastern Poland (Fig. 1c). Colder
and moist polar maritime air advected over western Europe at the same time.
The large thermal contrast of air masses in the front zone and the evolution
of the upper-level trough created a favorable environment for frontogenesis

and cyclogenesis, as well as a large-scale rising motion supporting the de-
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Fig. 3. Absolute topography map of the 300-hPa surface (GFS analysis),
August 10, 2017, 18 UTC; jet streams (color scale) and horizontal
divergence field (white isolines) are marked (source: www.wetter3.de).

velopment of deep convection in the warm air mass ahead of the front line.
There was a significant horizontal divergence in the forward part of the up-
per trough, reaching its maximum over the Czech Republic (Fig. 3). This fa-
vored convergence at the surface, where the maximum convective activity
occurred in the evening. The path of extreme phenomena, among which
strong wind gusts were the most hazardous, was recorded in the area from
Slovenia to southern Poland and marked the line of the maximum storm

activity (Fig. 4a).

5. DETAILED ANALYSIS OF THE DERECHO STORM
51. SYNOPTIC SITUATION

As a consequence of the described favorable conditions in the upper tro-
posphere, on the night of August 10/11, 2017, a wave on the atmospher-
ic front over the western Czech Republic developed into a shallow low
in the Rudawy region and moved towards Brandenburg (NE Germany)
in the morning and during the day on August 11, 2017. The frontal zone
stretched along the northern and western border of Poland at 12 UTC,
and the tropical airmass advected over the whole country (Fig. 1d).
The location of the main pressure systems in the middle and upper tro-
posphere on August 11, 2017, did not differ much from that of the pre-
vious day. However, their shape changed, which affected the further
development of the situation. Western Europe was covered by an exten-
sive upper trough, with a cut-off low in its southern part, moving from
France towards the Alps (Fig. 2d). In this way, the axis of the upper
trough was slightly directed to the northwest, which generated an ad-
vection of tropical air from the eastern part of the Mediterrancan ba-
sin, through the Adriatic Sea, over Poland. Simultaneously, the frontal
waves and surface lows in the frontal zone were moving in the same di-
rection. On an isobaric surface of 850 hPa, a ridge of warm air covered
most of Poland, exceeding the temperature of 20°C in the southeast
of the country. At the same time, there was polar maritime air, colder

by about 10°C (Fig. 5), over Germany.

5.2. THE PROCESS OF FRONTOGENESIS

The temperature gradient increased over time in the west of the country
and over eastern Germany, indicating frontogenesis. The process of frontogene-
sisin thisarea could be traced over time by analyzing the magnitude of the vector
-Qn (Fig. 6). Thisvectorisacomponentofthe Q-vector, which describes the evo-

lution of the horizontal potential temperature gradient vector due to changes

in the geostrophic wind. The vector -Qn is the Q-vector’s component perpen-
dicular to the isotherms on a given isobaric surface. If -Qn > 0, frontogenesis
occurs; if -Qn < 0, frontolysis occurs (Kurz 1992). The maximum value of the
-Qn-vector, indicating frontogenesis, moved from Austria through the Czech
Republic to western Poland on August 11,2017.

Theincrease in the horizontal temperature gradient in the lower troposphere
resulted in the isobaric surfaces becoming more inclined. This led to an intensi-
fication of the horizontal pressure gradient and an increase in the geostrophic
wind speed above due to the thermal wind principle. Changes in the vertical
wind profile could be noticed by analyzing data from the soundings, carried
out in the frontal zone or its vicinity (Fig. 7). Prague was located closest
to the waving cold front or directly in its zone in the period from August 10
to August 12,2017. The maximum wind speeds of 30-38 m/s were maintained
there in the upper troposphere (at an altitude of 10-12 km), proving the pres-
ence of an upper-level jet stream in the frontal zone. There was also a clear
increase in wind speed in the mid-troposphere (at an altitude of 3.5-7 km).
In Wroclaw, located ahead of the cold front on August 10-11, 2017, two
distinct wind speed maxima were measured: the first one in the upper tropo-
sphere, related to the jet stream, and the second one in the middle troposphere.
In a layer of 3.5-6 km, the wind speed increased significantly from around 15
to around 28 m/s from August 10 to August 11, 2017. The changes in wind
speed with altitude and time were the largest but the least regular ones in Pros-
tejov, located also ahead of the cold front. However, there was also a noticeable
increase in wind speed in the lower and middle troposphere. The maximum
speed of 35 m/s was recorded on August 11,2017, at 00 UTC, at an altitude
of approximately 4 km.

5.3. PROCESSES GENERATING LARGE-SCALE
RISING MOTIONS OVER CENTRAL EUROPE

The evolution of the upper cut-off low of an ellipsoidal shape signifi-
cantly influenced the atmosphere dynamics in central Europe on Au-
gust 11, 2017. The longer axis of the low changed its orientation from
N-S to W-E during the slow movement from France to northwest Italy
and further turned to the S-N orientation (180° in total), which took
place in the afternoon. Such a rotation enabled a strong cyclonic vor-
ticity advection, covering the area from northern Italy through Austria
to the Polish-Czech-German border (Fig. 8). Simultaneously, this area
coincided with a jet stream which generated a clear divergence in its exit
region (Fig. 9). These processes were conducive to forming the afore-
mentioned low-level low over the western Czech Republic and ecastern
Germany throughout the day.

The development of large-scale rising motion related to the evolution
of the upper-level low took place in the zone of the waving atmospheric
front, ie., from Austria through the western Czech Republic and the Pol-
ish-German border. However, also ahead of the front, i.e., in the broader area
from the Balkans to Poland, a large-scale lifting was supported by changes
in the geopotential field. The axis of the high-pressure ridge moved from
Poland to the northeast. The geopotential field in the upper and middle tro-
posphere was transforming from anticyclonic to cyclonic, which generated
cyclonic vorticity advection. In the evening on August 11,2017, this cyclon-
ic vorticity advection was visible in the zone extending from the South Bal-
tic to south-eastern Poland, with a slight maximum near the coast (Fig. 8¢),
slowly moving away to the northeast. This indicated the dynamic support
of large-scale lifting in the central part of northern Poland during the con-
vective system development.

Another factor contributing to the occurrence of large-scale vertical

movements was warm air advection, which can be expressed, among
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Fig. 4. Reports on hazardous meteorological phenomena from August 10, 20
06 UTC to 24 UTC (b) (source: www.eswd.eu).

others, in 1,000- to 500-hPa layer thickness changes. A summary
of changes in the thickness of this layer, based on selected aerological
soundings on August 11, 2017, indicates that the layer was the thick-
est and, therefore, the warmest in Legionowo, Prostejov, and Wroctaw
and on August 10, 2017, also in Prague (Fig. 10). There was a tropical
air mass at that time in those locations. The layer thickness was smaller
in Eeba and Lindenberg. Lindenberg was in the polar maritime air mass,
whereas Eeba was in the tropical air mass only on August 11,2017, at 12
UTC. The changes in the 1,000- to 500-hPa layer thickness over time
were significant: in the period from 00 to 12 UTC on August 11, 2017,
the thickness was increasing in Legionowo, Prostejov, and Eeba, showing
warm air advection, while it began to decrease in Wroctaw, Lindenberg,
and, especially, in Prague, which already indicated cold air advection.
Analyses from the GFS model may help diagnose a temperature advec-
tion in space and time. The maximum warm air advection in the 1,000
to 500-hPa layer moved from the eastern Czech Republic (12 UTC) over
Wielkopolska (18 UTC) and then to the north and northeast on Au-
gust 11, 2017 (Fig. 11). The maximum warm air advection occurred
in the area of the mesoscale convective system passage, i.c., from Wielko-
polska through the Kuyavian-Pomeranian and Pomeranian voivodeships
in the evening on August 11, 2017.

Warm air advection, indicated by veering of upper wind, with height
in the lower and middle troposphere, was confirmed by atmospheric sound-
ing data. It was most clearly visible in Eeba at 12 UTC on August 11, 2017,
where the veering wind was observed with slight deviations in the layer from
the ground surface (SE) to about 600 hPa (SW) and in Wroclaw from about
900 to 650 hPa (Fig. 12).

The described processes, i.c., cyclonic vorticity advection in the upper
and middle troposphere and warm air advection in its lower and middle part,
are factors forcing large-scale air rising, as described by quasi-geostrophic
omega equations (Lackmann 2011). Air rising on the synoptic scale favors
the development of deep convection (Lackmann 2011; Bechtold 2019).
Analysis of large-scale vertical motions using the GFS model (Fig. 13) shows
that there was strong lifting over western Poland, reaching maximum values
of 40 hPa/h in the evening of August 11, 2017.

17, 09 UTC to August 11, 2017, 03 UTC (a) and from August 11, 2017,

850 hPa Geopotential [gpdam). Temperatur [Grad 0]
Freitog, 11-08-2017 12 UTC (GFS) (Anolyse)

© www wetter3.de

Fig. 5. Absolute topography map of the 850-hPa surface (GFS analysis),
August 11, 2017, 12 UTC (source: www.wetter3.de).

5.4, ASSESSMENT OF CONVECTIVE CONDITIONS
The key components for the development of deep convection, including
MCS systems with bow echo, are as follows: a large amount of moisture
in the boundary layer, a steep temperature lapse rate in the middle tropo-
sphere, which indicates a rapid temperature drop with altitude, mechanisms
that initiate and maintain convection, and wind changes in the vertical pro-
file, which determine the wind shear.

The tropical air mass over Poland on August 11, 2017, differed in terms
of physical properties in the western and eastern half parts of the country.
In the southeast, the air was noticeably warmer. The air temperature at 850
hPa was 19-22°C at noon, and the maximum temperature at 2 m in that area
reached 35°C (Figs. 5 and 14). In the west, the temperature at 850 hPa
was significantly lower, from 14 to 18°C, and the maximum temperature
at the surface was 22-26°C.

The air in the southeast of the country was relatively dry. Total Precipitation
Water (TPW) in the southeast was below 30 mm. Due to the strong subsidence
inversion, humidity was low from the surface up to 600 hPa, resulting in cloud-

less weather. On the other hand, humidity was larger and reached 45-48 mm
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Fig. 6. Frontogenesis on the surface of 850 hPa (GFS analysis, description in the text), August 11, 2017, 06 UTC (a), 12 UTC (b), 18 UTC (c),
and August 12, 2017, 00 UTC (d) (source: www.wetter3.de).
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Fig. 8. Absolute topography maps of the 300-hPa surface with total vorticity advection (GFS analysis), August 11, 2017, 06 UTC (a), 12 UTC (b), 18 UTC (¢),

and August 12, 2017, 00 UTC (d) (source: www.wetter3.de).
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Fig. 9. Absolute topography maps of the 300-hPa surface (GFS analysis), August 11, 2017, 12 UTC (a), and 18 UTC (b); jet streams (color scale) and horizontal

divergence field (white isolines) are marked (source: www.wetter3.de).

in the west of Poland, in the frontal zone and the line of convergence ahead of it,
and in the northern part of the country (about 45 mm in Wroclaw on August
11,2017). Humidity was accumulated mainly in a layer from about 700 to 400
hPa. The day before, TPW was also significant over Austria and the Czech Re-
public — on August 10, 2017, at 00 UTC, it reached 46 mm in Vienna and
30-40 mm over the Czech Republic, where significant humidity was also ac-
cumulated in the 700- to 400-hPa layer. In addition to the increased humidity

in the middle troposphere, humidity was concentrated at the surface, to the iso-
baric level of about 900 hPa. The water vapor mixing ratio in the boundary
layer was 11-14 g/kg in western Poland at noon, slightly to the east
of the front, and in the northern part of the country, it reached 15-17 g/kg.
The lowest values were observed in the southeast — from 8 to 11 g/kg. For com-
parison, the surface mixing ratio was 14 g/kg on August 10, 2017, at 12 UTC

in Prostojev.
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Fig. 11. Temperature advection in the 500-1,000 hPa layer (GFS analysis) on August 11, 2017, 12 UTC (a) and 18 UTC (b) (source: www.wetter3.de).

Such a humidity distribution in the vertical profile, with drier air
in the 900- to 700-hPa layer (Fig. 15), indicates the possibility of intensifying
strong wind gusts at the surface via acceleration of the downdrafts.

In addition to the spatial distribution of humidity, it is also neces-
sary to consider its changes over time. The increase in the mixing ratio
and water vapor content in the vertical column of air between August 10,
2017, and August 11, 2017, was best visible in Wroclaw and Legionowo.
A similar increase took place during the night on August 11/12, 2017,
in Eeba (Tab. 1), indicating the presence of moist air advection.

Apart from the significant humidity, the air mass in which the most
severe thunderstorms developed was characterized by unstable stratifica-

tion. In the 800-600-hPa layer, the vertical thermal gradient was around

8.0°C/km in Legionowo on August 11, 2017, at 00 UTC and
12 UTC, and about 7.4 and 6.0°C/km in Wroctaw, respectively. For com-
parison, this gradient was about 8.5°C/km on August 10,2017, at 12 UTC
in Prostejov.

The Lifted Index (LI) can also be used to determine mass instabil-
ity. Here, LI, calculated for a parcel lifted with average temperature
and dewpoint of the layer S00 m above the surface, was approximate-
ly -1°C in Wroctaw at 00 UTC but 2.6°C at 12 UTC on August 11,
2017, while in Legionowo, it was even —8°C at 12 UTC. On the other
hand, this air mass over Austria and the Czech Republic was character-
ized by LI values from —4 to —7°C on the previous day and was therefore
moderately and strongly unstable (Lelatko, Ziemianski 2004). It should
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be mentioned that LI, calculated for the most unstable parcel, dropped to
-4°C at 00 UTC and to -1°C at 12 UTC in Wroctaw. According to GFS
analyses, the highest instability measured by LI, from -6 to -8°C, occurred
in the east of the country, whereas in the west, LI ranged from -1 to -3°C,
decreasing to —~6°C in the afternoon.

Such a large amount of humidity and instability resulted
in a significant amount of potential energy available for convec-
tion. The SBCAPE (Surface-Based Convective Available Poten-
tial Energy), reaching 2,500-3,000 J/kg, was observed in central
and north-castern Poland, whereas it was 200-800 J/kg in the west
of the country. The previous day, an SBCAPE of 1,500-2,200 J/kg
was recorded in the air mass moving over from Austria and the Czech
Republic towards Poland. According to GFS analyses, the MLCAPE
(Mixed Layer Convective Available Potential Energy) reached 1,800
J/kg over the Czech Republic and Austria on August 10, 2017,
and itincreased in the afternoon from 100-700 J/kg to 300-1,100 J /kg
(Fig. 16) over western Poland on August 11, 2017. These values
indicate the low and moderate intensity of convection (Lelatko,
Ziemianski 2004).

It should be added that from the level of 900 hPa to about 750-650
hPa, a stable stratification was observed on some aerological sound-
ings.The CIN (Convective Inhibition) values reached about -180 J/kg
in Prostejov on August 10, 2017, at 12 UTC, and -280 J/kg in Wroclaw on
August 11, 2017, at 00 UTC. Therefore, moisture and temperature advec-
tion in the boundary layer as well as the kinematic conditions and dynamic
factors that force convection initiation were important.

The above analysis shows that the convective instability over Poland
increased from west to east, in contrast to humidity, which was highest

in the west of the country. Therefore, optimal conditions for the devel-

Feeitog. 11-08-2017 18 UTC (6FS) (Anolyse) © wwrw wetler3 de

Fig. 13. Vertical movements on the surface of 500 hPa (GFS analysis),
August 11, 2017, 18 UTC (source” www.wetter3.de).

opment of deep convection should have been expected in the central
belt of Poland.

The dynamic factors that supported the initiation and sustaining of the up-
ward movements on August 11, 2017, were the orography and the surface
wind convergence zones in the southwest of the country. Over the Sude-
tes and in the area from Poznan through Leszno to Wroctaw (Fig. 17a),
thunderstorms were already developing in the morning and before noon.
These phenomena were not violent and intense but gave rise to cold pool
development in the southwest of Poland. A distinct horizontal thermal gra-
dient and a wind convergence zone were formed; two zones of wind con-
vergence were noticeable at 13 UTC (Fig. 17b). The thermal differences

were amplified by daily heating, especially on the eastern convergence line,
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Fig. 14. Maximum temperature distribution in Poland on August 11, 2017, 18 UTC (source: IMGW-PIB).

Table 1. Mixing ratio and water vapor in the vertical air column from August 10, 2017, at 12 UTC to August 12, 2017, at 00 UTC,

based on aerological measurements.

Surface mixing ratio [g/kg] Water vapor content in the vertical air column (TPW) [mm]
10.08 1.08 1.08 12.08 10.08 1.08 .08 12.08
12 UTC 00 UTC 12 UTC 00 UTC 12 UTC 00 UTC 12 UTC 00 UTC
Wroctaw 13.5 137 14.2 ns 354 45.0 44.4 338
teba 12.8 91 n2 13.3 329 285 379 40.8
Legionowo 129 13.9 15.7 13.2 31.6 41.0 40.7 36.1
Prostejov 14.2 12.8 141 1.8 35.6 351 353 315

where the cloudiness changed from fine to the east of this line to cloudy,
post-convective to the west. The first afternoon thunderstorms were formed
over the Sudetes. Following the mean wind direction in the troposphere,
they moved to the north, into the zone of the western line of wind conver-
gence, where a further rapid development of convection occurred in the fol-
lowing hours. The convergence lines approached each other at 17 UTC,
and the horizontal thermal gradient in this zone increased, particularly over
the Opole region (Fig. 17¢). According to the radar data, thunderstorms had
the form of a mesoscale convective system at that time, in which the line
of the most active thunderstorm cells was divided into the one located more

zonal and the other located meridionally. The entire system was moving

north and northeast and was gaining in intensity. Kinematic factors (main-
ly appropriate wind shear) ultimately led to the formation of the bow echo
structure (between 18:30 UTC and 19 UTC) in the zonal part of the MSC
(perpendicular to the direction of airflow on the higher levels). Maximum
thunderstorm activity took place between 19 and 22 UTC (Fig. 17d), af-
ter which the intensity of the phenomena decreased, and the system moved

away to the Baltic Sea.

5.5. IMPORTANCE OF WIND SHEAR

In addition to the appropriate convective instability and humidity

in the lower troposphere, a wind shear also occurred in the atmospheric en-
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Fig. 15. Atmospheric sounding from Prostejov, August 10, 2017, 12 UTC
(source: IMGW-PIB).

vironment, allowing thunderstorms to be organized into a mesoscale con-
vective system in the form of bow echo, visible on radars and persisting for
several hours. When analyzing the hodographs from the acrological stations
located near the MCS path (Wroclaw, Eeba) and in the direction of air-mass
advection (Prostejov), it could be noticed that bulk shear in the 0-3-km
layer was cither strong or very strong (15-25 m/s) on August 11,2017, at 00
and 12 UTC. (Fig. 18). The 0-6-km wind shear differed from the 0-3-km shear
by no more than 5 m/s. Only in Wroctaw at 12 UTC, it was stronger by about
10 m/s, which indicated the existence of conditions favorable for the develop-
ment of a supercell thunderstorm on the border of Lower Silesia and Wielko-
polska. If we calculate the maximum wind shear in the lower and middle tro-
posphere, not considering the 0-3-km and 0-6-km layers, it was about 29 m/s
from the surface to 4.5 km at 12 UTC in Wroclaw and about 19 m/s to 4 km
in Eeba. The presence of wind shear of at least 15 m/s inalayer up to 2.5-5 km
above the ground level confirms the favorable conditions for the develop-
ment of multi-cellular convection in a linear form, with a high probability
of bow echo, mainly when the shear is concentrated to a height of 2.5-3 km
(Weisman 1993). Analysis of upper-air soundings shows that the atmospher-
ic conditions met the criteria needed for the development of such intense
convective phenomena.

Attention should also be paid to the orientation of the wind shear vector
relative to the mean wind vector. At 12 UTC on August 11,2017, the mean
wind speed in the 0-6-km layer was about 20 m/s and the direction about
170° in Prostojev, 14 m/s and 170° in Wroclaw, respectively, and 8 m/s
and 200° in Leba. Thus, the mean wind and the 0-3-km wind shear vectors’
directions were similar in individual cases. According to the RKW theory
(Rotunno et al. 1988), the formation of a new thunderstorm cell in a multi-
cell convective system, in an environment with a significant wind shear
in the layer up to several kilometers, usually takes place at the cold pool
edge, moving in the same direction as the wind shear vector (downshear

flank). It is the place where the strongest convergence occurs. The vector
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Table 2. Wind gusts or maximum wind speeds >20 m/s from 10-minute
intervals measured by the measurement and observation network

of the IMGW-PIB within the range of the mesoscale convective system
moving through Poland on August 11, 2017.

Time W!nd gust/ " . :
[uTC] maximum wind Location Voivodeship
[m/s]
16:50 219 CHWALKOWICE Lower Silesia
16:50 225 WROCLAW Lower Silesia
18:10 20.7 KORNIK Wielkopolskie
18:30 227 KALISZ Wielkopolskie
18:30 261 StUPCA Wielkopolskie
18:50 348 GNIEZNO Wielkopolskie
19:10 20.0 KOLO Wielkopolskie
19:50 20.7 TORUN Kuyavian-Pomeranian
20:00 36.0 CHRZASTOWO Kuyavian-Pomeranian
20:30 28.6 GRUDZIADZ Kuyavian-Pomeranian
20:50 312 CHOJNICE Pomeranian
21:00 20.0 PRABUTY Pomeranian
21:00 226 STAROGARD GDANSKI Pomeranian
2110 20.6 RADOSTOWO Pomeranian
2120 218 KOSCIERZYNA Pomeranian
21:20 229 OSTRZYCE-BRODNICA GORNA Pomeranian
21:30 247 KMIECIN Pomeranian
21:40 422 ELBLAG-MILEJEWO Warmian-Mazurian
21:50 25.0 FROMBORK Warmian-Mazurian
21:50 25.0 GDANSK-PORT POENOCNY Pomeranian
21:50 238 GDYNIA Pomeranian
22:00 246 HEL Pomeranian
22:00 277 NOWA PASLEKA Warmian-Mazurian
2210 310 LEBORK Pomeranian
2210 203 ROZEWIE Pomeranian

Table 3. 1-hour precipitation >20 mm, determined by the measurement
and observation network of the IMGW-PIB within the range of the mesos-

cale convective system, moving through Poland on August 11, 2017.

Time 1_,h9ur. " . :
[uTC] precipitation Location Voivodeship
[mm]
16:00 22.3 JAKUSZYCE Lower Silesia
17:00 214 BOROW Lower Silesia
17:00 356 DOBROGOSZCZ Lower Silesia
17:00 22.7 TWARDOCICE Lower Silesia
17:00 279 CHWALKOWICE Lower Silesia
17:00 244 OTMUCHOW Opolskie
18:00 36.9 BIERUTOW Lower Silesia
19:00 239 OSTROW WIELKOPOLSKI Wielkopolskie
19:00 30.5 SIEMIANICE Wielkopolskie
19:00 23.0 WRZESNIA Wielkopolskie
19:00 23.7 NOWA WIES PODGORNA Wielkopolskie
20:00 24.5 ZBIERSK Wielkopolskie
20:00 261 MIRKOW todzkie
20:00 276 JANOWIEC WIELKOPOLSKI Kuyavian-Pomeranian
21:.00 28.3 SYPNIEWO Kuyavian-Pomeranian
21:00 20.0 TORUN Kuyavian-Pomeranian
22:00 214 NIEZABYSZEWO Pomeranian
22:00 209 KOSCIERZYNA Pomeranian
22:00 223 TOLKMICKO Warmian-Mazurian
23:.00 232 NOWA PASELEKA Warmian-Mazurian
23:00 211 ROGITY Warmian-Mazurian
23:00 385 LEBORK Pomeranian

of the movement of the entire system, at least in a homogencous exter-
nal environment and for linear hodographs, is the sum of the wind shear
vector, determining the place of new cell formation, and the mean wind

vector, determining the movement of a single convective cell. The more
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the directions of these vectors coincide, the more likely it is that a linear for-
ward-propagating MCS will develop (Corfidi 2003). The sum of these vec-
tors for Prostejov at 12 UTC on August 11, 2017, indicates the movement
of the potential system northwards, in Wroctaw to the north with a slight
deviation to the west and in Leba towards NNE and NE. In fact, the sys-
tem was moving through Poland in the direction from SSW to NNE, with

amean speed of about 20 m/s. The deviation of the movement towards the east,
different from that determined based on data from Prostejov and Wroctaw,
could have resulted from the heterogeneity of thermodynamic conditions over
Poland. New convective cells tend to form towards the highest instability ar-
cas, and this increased towards the east, deflecting the vector of the entire con-

vective system movement in this direction. Hodographs in Wroctaw and Eeba



mh Meteorology Hydrology and Water Management
Volume 10 | Issue 2

Wind gust/maximum wind

speed [m/s] A

A 20,0-23,9
A 24,0-27,9
A 28,0-31,9 Ao
A 32,0-35,9 ® A
A 36,0 —39,9 ) (g
A 40,0 43,9

1-hour precipitation .

[mm]

e) 20,0-29,9
°® 30,0-39,9

Fig. 19. Wind gusts or maximum wind speeds >20 m/s and 1-hour precipitation >20 mm within the range of the mesoscale convective system moving

through Poland on August 11, 2017 (source: IMGW-PIB).

T00 igo oHal 2017-08-12 06UTC
Lo godzina 08:00 czasu urzedowego

230 0
190 0§
202

#dnoro 6000 1
Koszaltt ) o Leborke ﬁ
90 171 6620

239 1700
29 1400 262 1000 160 0 Elblag 261 000 .o oo0
S0 160 o Szezecinek 165 1690 16.0 o Olsztyn | o i
b e CRH 170 186 ss00 17.5°.00] " 199 o MEkEAR
3.00 160 o Chojnice <

160 3440

2
266 000 303 000
180 o Miawa 190 o Ostroleka 1§ © Babystd
$6 2035 010

0.00

176 200
140 Zickona Gorg,
138 * TR0 s s00

140 o Lesmo 266 2600 291 7900 285 000
1442660 160 oKalsz 170 oLt 160 © Kozienice 2
163 2630 168 680 174 Wiodawa
306 001
171 600 2 - 70 jow 287
1 1 279 700 170 o Sulsjéw 287 000
Goelitz 100 © Legrica7; 300 143 o Wius 178 007 70 o Lublin
119 4330 130 o Wroctaw 162 2
el i 14.00 205 001
Goen 35 700 160 ¢ Cagstochowa 150 o Kieke30.8 0,00 Rl
3o opate 158 1590 153 T 01190 o Sandomierz 133 © Zemokt
g 192
3 303 800
0 & Katowi
od9 Jeleria Géra T ° Kapniee

do 21 Siedlce

0d 14.9 Jelenia Géra

do 32§ Przemyil

TX RER

TG o

T RRRM
TX. T.maks. RRR - Wys. opadu wmm
TG - Temperatura grun
TN-T.min. RRR24-

uma opadu za 29H

Fig. 20. Meteorological situation in Poland from 06 UTC on August 11, 2017,
to 06 UTC on August 12, 2017 (source: IMGW-PIB).

were also bended up to the 650-hPa level (above 900 hPa in Wroclaw), showing
the wind veer in this layer. Consequently, the storm-relative wind in the lower
troposphere had an NNE to E direction, increasing convergence at the cold
pool edge in this sector. It could also have contributed to the easterly deviation

of the movement vector of the entire mesoscale system.

In addition to good conditions for the development of convection
in the form of a multi-cell linear system, the sounding from Wroctaw
on August 11, 2017, at 12 UTC, indicated the possibility of a super-
cell development. Wind shear in the 0-6-km layer was about 26 m/s.
The maximum wind speed at about 540 hPa was 28 m/s, and the wind
was veering in the lower troposphere, which is reflected in the hook
shape of the hodograph (Fig. 18d). The development of the supercell was
observed on the border of Lower Silesia and Wielkopolska in the initial
stage of the formation of the MCS system.

The previously demonstrated increase in wind speed from
the surface to the middle troposphere, where its maximum values were
recorded in all analyzed soundings (Fig. 7), contributed to the increase
in the dynamics of the thunderstorm system and the intensity of wind
gusts. One of the factors that influence the strength of convective gusts
is the transport of momentum from the middle troposphere to the sur-
face by the downdraft in the Cumulonimbus cloud. The wind speed
reached 35 m/s at 4,200 m (at 00 UTC on August 11, 2017) in Pros-
tejev, 28 m/s at 5,300 m (at 12 UTC) in Wroclaw, and 16 m/s at 3,800
m (at 12 UTC) in Leba, where the pressure gradient was the weakest.
This indicates suitable conditions to transfer significant wind speeds
from the middle troposphere to the surface in the air mass flowing from
the south.

Besides the direct transfer of momentum, the jet stream in the mid-
dle troposphere, or even a slight increase in wind speed at these heights,
favors the development and intensification of the cold pool itself, which

increases the dynamics of the entire convective system. A stronger wind



at an altitude of several kilometers facilitates the inflow of drier air be-
hind the system. Thus, the higher evaporation of precipitation from
the trailing stratiform cloud occurs, lowering the air temperature (Punk-
ka et al. 2006; Goulet 2015). The low humidity content was clcariy visi-
ble in the 2,500- to 4,000-m layer on the sounding from Prostejov at 12
UTC on August 11, 2017. The intensification of the cold pool directly
resulted in an increase in gust front speed and the magnitude of associ-
ated wind gusts.
Thesouthernwindwithmaximumspeedinthemiddletroposphereobserved
on August 11,2017, could eventually be a significant element in the develop-
mentoftherearinflowjet (RIJ). The rearinflowjetarises from the formation of
a meso-low, where the convective cloud slopes over the cold pool
and turns into layered cloudiness. However, an increased ambient wind
speed at the height of several kilometers may accelerate this process (Goulet
2015; Crossett 2017). The presence of the rear inflow jet potentially increas-
es the speed of the wind gusts as it descends to the surface near the down-

shear side of the cold pool.

6. PHENOMENA ACCOMPANYING THE DERECHO
The most hazardous phenomena accompanying the thunderstorms on Au-
gust 11, 2017, were wind gusts. The ESWD reports, among which strong
wind gust events were the most numerous, clearly mark the thunder-
storm activity area on that day from south-western to northern Poland
(Fig. 4b). Table 2 and Figure 19 summarize the values of maximum wind
gusts or maximum wind speed from 10-minute intervals, with a speed
of 20 m/s or more, based on the measurement and observation network
of the IMGW-PIB. The highest wind speeds, above 30 m/s, were record-
ed in the northern part of the Wielkopolskie Voivodeship, in the Kuyavi-
an-Pomeranian and Pomeranian Voivodeships, and in the north-western
part of the Warmian-Masurian Voivodeship, where the maximum wind
gust of 42.2 m/s was measured in Elblag. The convective system had al-
ready moved as a bow echo through these areas.

Downpour or heavy showers occurred in many parts of the coun-
try. Table 3 and Figure 19 summarize the 1-hour precipitation for a full
hour, with 20 mm or higher, from the locations over which the analyzed
thunderstorm zone was formed and passed. The highest precipitation in-
tensities were recorded in Lebork (38.5 mm/h), Bierutéw (36.9 mm/h),
Dobrogoszcz (35.6 mm/h), and Siemianice (30.5 mm/h). The 24-hour
precipitation sum exceeded 30 mm in many places at 06 UTC on August
12, 2017. However, it should be noted that in south-western Poland, be-
fore the formation of the analyzed convective system, several precipitation
and thunderstorm zones were passing in the first half of the day. Rainfall
and thunderstorms associated with a cold front occurred from the Opole
region to Gdarisk Pomerania after midnight on August 12, 2017. How-
ever, in Lebork, where the highest daily precipitation among all synoptic
stations was recorded, 60.2 mm (Fig. 20), practically all rainfall occurred
within about 3 hours, i.e., during a passage of the mesoscale convective

system in this region.

7. CONCLUSIONS

This study profoundly analyzed the synoptic conditions preceding
the development of the mesoscale convective system on 11 August 2017
and during its passage over Poland from the southwest to the north
of the country. This article was planned as a common part of two oth-
er publications that analyzed this violent phenomenon from satellite
and radar points of view (Lapeta et al. 2021; Euszczewski, Tuszys-

ka 2022). We found that synoptic-scale mechanisms and appropriate
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thermodynamic, humidity, and kinematic conditions were favorable
for developing a mesoscale convective system, classified as a derecho.
A comprehensive analysis of one of the most violent windy events has
been performed by other authors (Taszarek et al. 2019; Figurski et al.
2021). However, the investigation of the synoptic situation was not
the main purpose of these publications.

The analyzed derecho fulfilled most of the criteria, which is common for
warm season European derechos. It was embedded in the convergence zone
of the MCS ahead of the waving cold front, downstream of the extensive
upper-level trough over western Europe. This is similar to the occurrence
of other derechos in Europe (Gatzen 2004; Celiniski-Mystaw, Palarz 2017;
Ryva 2019).

The formation of the derecho evolved in an environment that featured
the three necessary requirements for the occurrence of deep moist convec-
tion (Johns, Doswell 1992).

The derecho of August 11, 2017, was connected with the surface
trough under a southwestern flow in low- and mid-levels, supported
by an upper-level jet. The presence of a left jet stream exit over the con-
vergence zone generated the upper divergence and the increase of large-
scale lifting. They were a consequence of the strong cyclonic vorticity
advection in the upper and middle troposphere, associated with the evo-
lution of the cut-off low. Warm air advection in the lower and middle
troposphere was one of the essential components causing rising air
on a synoptic scale, generating an adequate environment for the forma-
tion of mesoscale vortex structures.

Vertical wind shear is a crucial ingredient for linearly organized
MCSs (Weisman, Klemp 1982; Rotunno et al. 1988; Bryan et al. 2006).
The increase in speed, generating moderate and strong wind shear (15-
25 m/s) in the 0-3-km layer and an equally high shear in the 0-6-km
layer, enabled the formation of both supercell thunderstorms and or-
ganized linear convection. The wind shear vectors in the 0-3-km layer
were oriented almost parallel to the mean wind vectors, favoring the de-
velopment of a forward-propagating MCS. The maximum wind speed
at the height of several kilometers (4-6 km) favored the development
of the rear inflow jet within the linear convective system, which con-
tributed to the formation and intensification of the derecho. The strong
wind in the middle troposphere in the air mass flowing from the south
created the conditions for the transfer of momentum from the mid-
dle troposphere to the surface by the downdrafts in the cumulonimbus
clouds, increasing the wind gusts. Moreover, a drier layer of air was
observed above the humid boundary layer in the incoming mass, which
contributed to the intensification of downdrafts in cumulonimbus
clouds and, consequently, to the intensification of surface wind gusts.

Concerning the thermal condition, a tropical warm, humid air mass
was advected over Poland. Warm air advection in the lower and mid-
dle troposphere was one of the essential components causing rising
air on a synoptic scale. This constituted a good condition for high
instability, which decreased from the west to the east of the country.
The steep vertical temperature gradients in the middle troposphere
and the high humidity in the boundary layer generated the atmospher-
ic instability with moderate to high SBCAPE levels (600-3,000 J/kg),
whereas the maximum occurred in the central part of Poland, where
the convergence zone started to reactivate.

The documentation and analysis of such an impressive, rare weath-
er phenomenon can help understand the underlying mechanism leading
to the formation of the derecho and facilitates the prediction of similar

events in the future.
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ABSTRACT. This paper presents an analysis of the derecho phenomenon that occurred over Poland on August 11, 2017. The storm caused 6 fatalities, 39 injuries
(Wrona et al. 2022), and some of the greatest damage in the history of Polish forestry. Our study is based on radar meteorology and measurements from
the Polish POLRAD radar network, and intended for advanced meteorologists with good knowledge of radar measurements. The research used both standard
and specialized radar products as well as classic and Doppler scan data. The Doppler velocity products were especially useful for showing the characteristics
of the storm. The analysis was mainly based on data from two radars: Poznan and Gdansk, but the composite maps, consisting of data from more than one
radar, were also analyzed. The derecho complex developed from unorganized thunderstorm cells over SW Poland and moved toward the NE. The various stages
of the evolution of the system are presented and analyzed, accounting for the formation of a SC, the development of a rear inflow jet (RIJ), the split of the entire
system, and the appearance of the bow echo signature. Significant factors affecting the scale of the wind damage were: (1) the extensive mesocyclone which

evolved to the mesoscale convective vortex (MCV), and (2) a strong rear flank downdraft interacting with the rear inflow jet (RIJ).
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1. INTRODUCTION

Gustavus Hinrichs (1888), an American scientist, first proposed the term
derecho (“straight” in Spanish) in meteorology as a designation for an exten-
sive convective system with long-lived convective straight-line windstorms,
unlike the formation of vortical wind systems.

There are several approaches for derecho identification, one of them pro-
posed by Johns and Hirt (1987). The first criterion requires the main axis
of the damage area (wind gusts over 26 m/s) to reach 400 km. The damage
reports must show the chronological progression. Moreover, there must be
at least three reports of F1 damage or gusts over 33 m/s within the area, sep-
arated by 64 km and with no more than 3 h elapsed between them.

Initially, it was postulated that the development of the derecho was
strongly correlated with high CAPE (Convective Available Potential Energy
>2000 J-kg"') and the occurrence of strong vertical wind shear in the lower
troposphere (>20 m-s, at an altitude of 2.5-5 km) (Weisman 1993, 2001).
The studies of Duke and Rogash (1992), Bentley and Mote (1998), Evans
and Doswell (2001), and Ashley et al. (2005) proved that derechos could
occur at any time of the year, also at significantly lower vertical wind shear,
in various environmental conditions with much less instability.

The causes of derecho cases in Europe were analyzed by: Schmid et al.
(2000), Punkka et al. (2006), Lopez (2007), Putsay et al. (2009), Walczak-
iewicz and Ostrowski (2010), Gatzen (2011), Pucik et al. (2011), Simon
et al. (2011), and Hamid (2012). An analysis of long-term derecho occur-
rence in Europe was carried out by Gatzen et al. (2011).

The term prcciscly associated with a derecho is the characteristic radar
echo pattern called bow echo. This bowing convective line segment is often
associated with swaths of damaging downburst winds and is sometimes ac-
companied by tornadoes that may reach a violent rating of F4. Occurring
singly, it is called progressive derecho, in contrast to serial derecho, where
there are multiple bowing segments (Przybylinski 1995).

Most available articles deal with the bow echoes gcncrally, without point-
ing out significant vortex structures (Weisman 1993); however, there are
some studies that examine the storm development as affected by an embed-
ded supercell (SC) or bookend vortex signatures (Wolf 1998; Atkins, Lau-
rent 2009; Atkins et al. 2004).

Przybylinski (1995) as well as Forbes and Wakimoto (1983) have shown
that the strongest damaging wind gusts usually occur along the apex of bow-
ing line segments. Nevertheless, in some cases, an embedded mesocyclone
or mesoscale convective vortex (MCV) (Davies, Weisman 1994) can sig-
nificantly strengthen the potential of damaging wind gusts, both tornadic
and downburst-related (Funk et al. 1994) as it was in the case described
in this paper.

The first study of derecho cases in Poland was undertaken
by Celiniski-Myslaw and Matuszko (2014). They examined derecho phe-
nomena that occurred between 2007 and 2012 (6 cases). They confirmed
that the long-lasting and extensive convective systems causing the derecho
often elicit damage comparable to that caused by FO-F2 tornadoes (Celirs-
ki-Myslaw, Matuszko 2014) and that the damagc was caused by the straight—
line wind. Whereas, if we consider the frequency of derecho-producing
MCSs (mesoscale convective systems) (Zipser 1982) with embedded MCV,
this phenomenon is quite rare over Poland (3.5% cases of MCSs in a 10-yr
study) (Surowiecki, Taszarek 2020).

In the case of the extensive wind storm that took place over western Po-
land on August 11, 2017, the damage was generally not generated by vor-
tical winds, but by straight-line winds, except for one report of a possible
tornado. This finding contributed, among others, to investigating the case

as a derecho.
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2. AIM OF THE STUDY

This paper documents the storm system that occurred over Poland on August
11,2017, using radar data from the POLRAD network. This case study was
made specifically to determine the genesis of the system, the development
of an embedded storm SC, the interaction between essential system features,
and their impact on the mechanisms responsible for the greatest damage.
This article does not provide a detailed analysis of the synoptic and meteo-
rological situation accompanying the formation of the phenomenon (which
was provided by Taszarek et al. 2019 and with greater detail by Wrona et al.
2022). Nor does it deliver the standard nowcasting and warning procedures
for weather forecasters, but analyses the event in detail, using solely the radar
data provided by the IMGW-PIB system. The results of the analyses are pre-
sented on the basis of non-standard POLRAD products specifically devel-
oped and implemented for this study, which are not available for operational
forecasters.

One of the factors influencing the intense dynamics of the derecho was
the development of a SC from one of the numerous storm cells formed
in the vicinity of the waving atmospheric front in Lower Silesia. This type
of thunderstorm is characterized by a deep and persistent rotating updraft
(Klemp, Rotunno 1983). To detect the SC on the classic radar scan images,
we were looking for basic SC features such as a high-reflectivity compact
core on the CMAX product and raised maximum reflectivity on the EHT
product (early stage, outside of the Doppler scan), along different movement
patterns (Davies, Johns 1993), as well as an inflow notch on the PPI scans,
abounded weak echo region (BWER) on the vertical cross-section Doppler
reflectivity scan, and finally the velocity couplet on radial velocity data (later
stage, close to radar).

The rear inflow jet (RI]) was the second important factor responsible for se-
vere wind damage caused by the storm which played a significant role in the for-
mation of bow echo-type storms. It is formed due to the pressure difference
between the area of rapid ascent and condensation (low) and the area cooled
by rainfall (high) (Rotunno et al. 1988). The strong release of the latent heat
is mainly responsible for the pressure difference. Consequently, the strength
of the RIJ is primarily influenced by the power of updrafts associated with
CAPE as well as the range and potential of the cold pool, i.e. the area of cool
air at the surface caused by heavy rainfall. The lower the temperature, the high-
er the pressure in the cold pool area, and the deeper the local low within
the strong updrafts, the stronger the RIJ flow (Lemon, Doswell 1979; Johns,
Hirt 1987; Weisman 1992). The RIJ might be so strong that it starts to push
a fragment of the storm cell forward, which is marked as bow echo on radar
products. Under favorable conditions, strong downdrafts of storm cells can
bring a part of the RIJ momentum to the surface, generating heavy squall
winds with speeds above 150 km/h (Fujita, Wakimoto 1981).

3. RADAR DATA
The analysis of the phenomenon was based on data from the network
of eight POLRAD meteorological radars located in: Legionowo (LEG),
Rzeszéw-Jasionka (RZE), Brzuchania (BRZ), Ramza (RAM), Pastewnik
(PAS), Poznati (POZ), Swidwin (SWTI), and Gdansk (GDA). All devices
are Doppler radars, three of which (Rzeszéw, Ramza, Pastewnik) have dual
polarization measurement functionality. The entire radar network was put
into service in 2004.

Each radar operating in the POLRAD network takes two measurements
in a 10-minute cycle. The first is a classic scan (operational range is 250
km), otherwise known as the rainfall scan (only a reflectivity measurement
is made). The second measurement is a Doppler scan (range 125 km), called

awind scan, the parameters of which are set to obtain the best possible infor-
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Table 1. The radar products used to analyze the phenomenon.

Data type . X
e Scan Definition of products obtained and pos-
P type '('j‘tht Og'tft’Ut sible to obtain from a specific scan
ata ata
Distribution of:
PPI(dBZ) 4Bz « radar reflectivity,
PPI(V) K v dBz « radial velocity,
Plan Position Indicator D w \ « radial velocity spectrum
(conical section) for a localized meteorological structure
obtained from one antenna rotation.
Maximum values of display:
K dBz dBz « radar reflectivity,
MAX(dBZ) D \ \ « radial velocities,
W W « radial velocities spectrum
in projection on three planes.
gu:ig"?z) Maximum values of display:
Maximum Display K dBz | dBz | :Zgiaar‘ rveefl'ggt':gzy
(maximum values D \ \ . o | he hori |
of radar measure- mI projection only on the horizonta
ments) plane.
EHT(height): Height of display:
+ Echo Top : « echo tops,
+ Height of Max * maximum reflectivity,
Reflgectivity K dBZ Height | « layer thickness,
« Layer Thickness : _ecljo base . .
. Echo Base within a Ic_JcaI\zed meteorological
structure in [km].
SRV Mapping:
Storm Relative D \ \ « radial velocity reduced/increased
Velocity by mean radial velocity.
Vertical distribution:
VCUT K dBzZ dBZ « radar reflectivity,
Vertical Cut D \ \ « radial velocity
for vertical cut.
Vertical distribution:
nt\liflgiine Verti- K DBZ dBz « radar reflectivity,
cal C’Jt D \ \ « radial velocity
for multi-vertical cut.
Distribution of:
:g:::::sgz) K dBZ 4Bz « radar reflectivity,
\ « radial velocity,
Pseudo Constant D \Y « radial veloci
Altitude PPI W radia vg ocity spectrum
for an altitude of 1km above sea level

Key: D = Doppler scan with spatial resolution of the products 0.5 km x 0.5 km; K = Classic scan
(standard) with spatial resolution of the products 1 km x 1 km; Z = reflectivity [dBZ]; V = radial
velocity [m/s]; W = radial spectrum width [m/s].

mation on radial velocities, radial velocity spectrum, and reflectivity.

After considering the location of the event, it was decided to use data from
the Poznari and Gdansk single polarization radars for the research.

This paper presents analysis of the original radar data (3-dimensional
recorded in spherical coordinates) processed into radar products defined
in the 2-dimentional Cartesian system (Tuszyriska 2011). Non-standard
products (non-operationally generated) and their combinations were used
to study the convective system (Table 1).

The products of the radial velocity distribution, such as PPI (V), SRV
(V), and CMAX (V) played a special role in the assessment of the nature
of the event. They helped to choose the instants for performing more de-
tailed analyses of the system. The flexibility in the definitions of radar prod-
ucts, including the data threshold values, allowed us to dcvclop additional

products such as EHT (Height Max Z).

4. METHODOLOGY OF WORKING WITH DATA
The analysis of the processes taking place in the derecho area based on radar
data was made particularly difficult by the extreme nature of meteorological
events, Whlch 2.150 a_ﬂ‘ectﬁd thc measurement data. Thcfcfore, bCCauSC Ofinter'
pretation difficulties and radar measurement errors (Szturc et al. 2010, Jurczyk
et al. 2020), the limitations and uncertainty of results had to be kept in mind.
While considering the origin of the phenomenon and its evolution, many
problematic issues related to the interpretation of the radar measurements
were encountered. The specificity of radar sounding required determining
the measurement geometry depending on the location of the phenomenon,

and filtering out data from non-meteorological echoes.

The composite maps, integrating observations from the entire radar net-
work via selection of the maximum rcﬂcctivity, have shown great usefulness
for interpretation of the event alongits entire route. Despite the signal dump-
ing in heavy rainfall and during its passage over the Poznan and Gdansk ra-
dar stations, the composite maps properly reflected the course of the event
and the migration of the mesoscale convective system.

In the analysis of the Doppler scanning of radial velocity, data gaps oc-
curred in some areas. The gaps were mainly related to high values of the ra-
dial velocity spectrum (W), which meant that for a given voxel (3D pixel
of data) the system received velocity measurements with large uncertainty.

The POLRAD system configuration, oriented towards eliminating
many disturbances hindering the operation of the radar, was set in such
a way that voxels with high values of W, i.e. places of disturbances or high
turbulence, were treated as incorrect data and discarded. Visible clear gaps
in velocity data (Fig. 1b) on the PPI (V) scan coincide with the areas of high-
er values of the velocity spectrum (Fig. 1a) on the PPI (W).

Another problem was the convective system’s location relative to radar sta-
tions. When the system reached its greatest strcngth, it was out of the Dop-
pler scanning range of the Poznan radar. At the same time, it was also too far
from the Gdansk radar to enable continuous analysis of near-surface wind
distribution.

Despite these difficulties, a reliable qualitative derecho analysis was
carried out. Reflectivity (dBZ) on composite maps was used to illustrate
the overall course of the event. More detailed elements of the storm system
were analyzed using radial velocity (V) data, usually in a pair of high-reso-
lution reflectivity PPI products. Also VCUT or MLVCUT vertical sections
were performed on properly configured products.

Key radar signatures related to the SC and bow echo were searched.
In the early stage of the system we were generally looking for SC signatures,
especially the high reflectivity core and BWER. When the system entered
the Doppler scanning range of POZ radar, velocity couplets were observed
in the area of exploration as evidence of a mesocyclone. While the system
was passing the POZ radar, we looked in detail at the radial velocity data
in order to detect and estimate the RIJ (rear inflow jet). Many cross-sections
were made to find the interaction between this jet and the mesocyclone,
especially with the rear flank downdraft (RFD) of the SC. When the sys-
tem reached GDA radar Doppler range, the radial velocity data were ana-
lyzed, directly over the area of the greatest damage. The goal was to show
the most devastating bowing segments and the position of the mesovortex.
At the end of the analysis we focused on the MCV pattern, showing its de-
tails on the SRV product.

The RIJ analysis was conducted in two variants. The first used vertical cuts
VCUT (V) to visualize its vertical extent, the interaction with the SC circu-
lation, and the estimation of maximum velocities in the core. The vertical cuts
were made manually. In each case they ran along with the RIJ core towards
the storm movement. The second variant is an analysis using the SRV (V)
product from three different elevations. It was considered that this product
would be preferable to CAPPI (V) ata given altitude, due to the lack of data
interpolation; the product configuration was chosen to visualize the hori-
zontal range of the RIJ. The analysis of horizontal characteristics of the RIJ
using the SRV (V) product was carried out based on POZ radar. The 1.7-de-
gree clevation was used when the storm system was far away from the radar.
Then, as the storm approached the radar station and passed directly over it,
data from the 3.6-degree clevation were analyzed. These elevations were se-
lected to avoid ground clutter and to analyze the data from approximately
constant altitude. A wind vector of 15 m/s parallel to the RIJ direction was

added to the product configuration to better visualize the RIJ pattern.
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wind gust reports with marked SC and (later) MCV track (source: eswd.eu).

5. GENERAL EVOLUTION

OF THE CONVECTIVE SYSTEM

The whole derecho evolution process is shown in Figure 2 using
the 1-h step composite maps. The main, wide path of damage was de-
tected along the track of the SC (carly stage) and MCV (later stage)
(Fig. 2). In this chapter we have presented a brief chronological overview
of this event.

The derecho day was stormy over Poland from early morning. The con-
vection, which developed in Lower Silesia from morning until noon, gener-
ated a surface outflow boundary and influenced the evolution of local wind
convergence. These dynamics, in turn, enabled the development of a much
stronger afternoon convection (Wrona et al. 2022).

The development of storm cells in the Czech Republicand on the Czech-Pol-
ish border in the early afternoon can be considered as the beginning of the evo-
lution of the convective system responsible for derecho development. In the en-
vironment of high CAPE values and strong wind shear, storms moving towards
the NNE were characterized by high reflectivity through the entire vertical
extent. The reflectivity demonstrated highly dynamic hydrometeor movement
inside storm cells, due to the strong downdrafts and updrafts.

Storm cells intensified after entering Poland. On the composite maps
of maximum reflectivity it was possible to observe their increasingly better

organization and clustering, ahead of the dynamically waving atmospheric

front (Wrona et al. 2022). After 16 UTC the formation of the mesoscale
convective system (MCS) was complete.

At around 16:10 UTC the first radar signatures (distinctive, high reflec-
tivity core) appeared, indicating the possible presence of an embedded SC,
which played a key role in the evolution of the storm system to the derecho
category. This SC is likely to have existed previously in the Czech Republic,
but it was disorganized when crossing the Sudetes Mountain range (Tasza-
rek et al. 2019). Then, in Lower Silesia, the strong updraft of this storm be-
gan to rotate again. At that time the first reports of damage caused by strong
winds, which overlapped the SC route, began to appear. Large hail was also
recorded in the area of Kalisz (Taszarek et al. 2019).

After 18:30 UTC on radar scans, the signature of the SC began to over-
take the entire system, forming a more and more distinct bowing segment.
At 19:10 UTC a well-formed bowing segment was present at the head
of the system. Subsequently, the mesoscale convective system, initially
formed from poorly organized storm cells (Fig. 3), took the form of a bow
echo with the embedded SC (bow echo complex) (Moller et al. 1990; Kli-
mowski et al. 2000, 2004).

Between 20:00 and 21:00 UTC a bow echo with active mesovortex
caused the greatest wind damage (Taszarek et al. 2019), passing over the area
of Bory Tucholskie. In the radar images we can distinguish one vast bow-type

segment at the leading edge of the storm.
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Later, the bookend vortex signature is visible in the western part of the sys-
tem on the scan from 21:30 UTC, indicating the occurrence of a mesovortex
caused by the evolution of the mesocyclone. The MCS weakens after passing
over the Baltic Sea, and the radar echo system indicates the formation of a me-
soscale low, surrounded by precipitation areas. The radar analysis of the event

ends when the storm leaves the classic scan area of the radar in Gdansk.

6. SUPERCELL AND REAR

INFLOW JET INTERACTION

The detailed analysis began when the mesocyclone was likely to redevelop with-
in a previously existing cell in the Czech Republic. Additionally, in the south-
ern part of the system, one more embedded structure with a rotating updraft,
visible on PPI (V) scans of the POZ radar as the velocity couplet, has devel-
oped. However, it did not have a direct impact on the path of the greatest
damage. The first symptoms of SC formation can be seen on radar scans from
16:10 UTC (not shown). However, the most visible signatures of a storm with
rotating updraft begin to appear around 16:30 UTC (Fig. 4).

The vertical sections VCUT show (Fig. 4) a visible, bounded weak echo
region (BWER) associated with a strong updraft lifting the hydrometeors
to a significant height, which may be a mesocyclone precursor (Lemon,
Doswell 1979). In turn, the EHT (HeightMaxZ) product, which in this case
presents a reflectivity above 30 dBZ, which can be a precursor of the meso-
cyclone at 16:30 UTC, highlights the areas where the updraft keeps the hy-
drometeor particles high above the surface. It is clearly visible within the de-
veloping storm SC.

In subsequent observations the mesocyclone starts to be visible on the SRV
(V) product of the POZ radar, where the velocity couplet signature appears,
indicating the vortex area (Fig. 5). Unfortunately, due to high noise from
WiFi transmitters and the high filtering threshold, there are gaps in radial
data, especially in the period when the system was in the immediate vicinity
of the radar. After 17:00 UTC the inflow notch, i.e. the area of rcﬂcctivity
gap at the point of intense air inflow into the mesocyclone, is well outlined
on the PPI (dBZ) product from the lowest elevation (not shown).

At 17:13 the first scans clearly indicating the presence of RIJ were per-
formed. They show the area of elevated radar-towards velocity on the VCUT
made on the radial data along the direction of the system moving towards
the POZ radar, at an altitude of about 4 km (Fig. 6). The velocity measured
by the radar is in the range of 30 m/s. Still, due to the specificity of the Dop-
pler measurement, when the axis of the air stream is not parallel to the sig-
nal beam, we get information only about the component to or from the ra-
dar. Therefore, we are unable to measure the real wind Vclocity at the RIJ
core. The area of air inflow towards the storm is also well-distinguished
and the Mid-Altitude Radial Convergence (MARC) signature appears (Fig.
6); (Rasmussen, Rutledge 1993; Moller 2001; Markowski 2002). The hori-
zontal scans, starting from 17:33 UTC, show the RI]J as an area of increased
radial velocity ~40-50 km wide with undefined length (Fig. 7).

After 17:53 UTC the velocity in the RIJ stream starts to rise, while the al-
titude of the leading part of the jet core drops below 2 km, which indirectly
indicates the intensification of the influence of the updrafts and downdrafts
(Fig. 6). At the same time, the mesocyclone of the embedded SC continues
to move NNW relative to the movement of the system, slowly approach-
ing the area of the RIJ core, entering the area of the illustrated cross-sec-
tions. This is the first time the strong air current associated with the RFD
of the storm SC becomes visible (Fig. 8).

The signature of the mesocyclone along with the inflow area is also visible
on the cuts. The RIJ stream continues to descend and the velocity in its core

increases as well. The gust front associated with the rear downdraft of the SC

becomes increasingly visible, as the winds within it lie in the direction paral-
lel to the axis of the signal beam (Fig. 8).

The horizontal observations from 18:03 to 18:23 UTC reveal
that the high-speed area increases to a width of about 70 km. The RI]J struc-
ture on the scan at 18:23 UTC is slightly disturbed because it is passing
directly over the radar and a there is a strong directional wind shear with
the altitude (Fig. 9).

During the passage of the storm over the POZ radar, the signal was signifi-
cantly muffled by the wet dome, which made it difficult to observe the sig-
natures typical of the SC. As the phenomenon moved away from the radar,
the reflectivity data decreased in quality due to the damping caused by pre-
cipitation. Therefore, the signatures at the forchead of the storm were not
visible. Contrastingly, on the radial data, the SRV (V) product still showed
a distinct vortex signature. Moreover, typical of SC forward flank down-
draft (FFD) and rear flank downdraft (RFD) have emerged. Additionally,
the range of the RIJ and the mesocyclone of the SC located in the northern
part of the system are visible on the vertical section VCUT (V) (Fig. 10).

Opver time, the RIJ and the RFD began to cover an increasing area; espe-
cially as the RFD began to encircle the mesocyclone more and more, which
in turn continued to move along the forchead of the mesoscale system to-
wards the NNW, constantly increasing its diameter (Fig. 11). The presence
of the RIJ became increasingly apparent.

After 18:33 UTC the forehead of the RIJ begins to move away from
the POZ radar, and its range becomes increasingly distinguishable. The wind
speed in the RIJ core measured by the radar starts to rise. The core width is al-
ready more than 100 km, and further estimation of its spatial extent becomes
impossible due to the specificity of Doppler measurements (Fig. 12).

About 19:10 UTC, on the EHT (HeightMaxZ) product (Fig. 13), a split
of the system was observed within the SC storm, probably forced by the in-
fluence of the mesocyclone. In turn, the RFD, surrounding the mesocyclone,
divided the updraft area into two sectors, i.e. the northwestern one associ-
ated with the mesocyclone and the southeastern one not associated with its
circulation. The whole process clearly shows the mesocyclone role in the long
duration of the storm. Figure 14 clearly shows the gradual disorganization
of the raised strong echo not related to the mesocyclone. In contrast, the echo
in the area where the hydrometeors are held at high altitudes by the rotating
updraft is still significant.

At approximately 19:13 UTC one can notice the aforementioned mo-
ment when the RIJ was catching up with the air stream associated with
the RFD of the SC. Both air currents are visible while comparing data from
two different radar elevations for the same observation (Fig. 14). A strongair
current powered by the RED of an embedded SC is visible on the 0.5-degree
clevation data, showing the wind field distribution in the lowest measur-
able layers. At the same time the RIJ, which is located higher, is not visi-
ble at this altitude. It is clcarly visible only on the 3.6—dcgrcc elevation data,
where only a small section of the flow forced by RFD is seen. In the following
observations the forehead of RI]J starts to accelerate together with an increase
of wind velocity in its area. At the same time the signatures proving the pres-
ence of the mesocyclone are poorly visible in that elevation, which confirms
its most significant impact in the lower atmospheric layers (Fig. 15).

After 19:13 UTC a crucial moment in the derecho evolution occurs. The RIJ
continues to catch up with the area of heavy winds associated with the SC RED.
The vertical cross-section VCUT from 19:13 UTC also shows that the RIJ
and RFD cores are separated, while on the cross-section from 19:23 UTC they
already present a single compact stream that continues to descend (Fig. 16).

Based on radar data, the moments between 19:23 UTC and 19:43 UTC
can be considered the beginning of the bow echo. We can classify it as BEC
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Fig. 4. Products: (@) MAX (dBZ); (b) vertical cut VCUT (dBZ) through a SC; and (c) EHT (HeightMaxZ) - POZ radar from 16:30 UTC.

Fig. 5. SRV (V) (left), PPI (dBZ) (right) scans from 1.7-degree elevation
showing the location of the mesocyclone at: (a, b) 16:23 UTC; (c, d) 16:33
UTG; (e, f) 16:43 UTC - POZ radar.

because the mesocyclone still existed. Later, due to the split of the SC, a new
branch of the RIJ is formed. Its direction further deviates toward the north-
cast (Fig. 17). The downbursts associated with this RIJ may be responsible
for some damage east of the main path of damage.

After 20:00 UTC the most significant wind damage occurred, the trail
of which coincided with the path of the eastern flank of the SC (Taszarek
et al. 2019). By analyzing the radar data, it can be concluded that the overlap

of RFD and RIJ in the storm was the crucial factor in generating such strong

Fig. 6. Vertical section VCUT(V) from POZ radar presenting the evolution
of RIJ at: (a)17:13 UTC; (b) 17:33 UTC; (c) 17:53 UTC with the corresponding
4 km CAPPI (V) scans with marked vertical section line (d, e, f).

Fig. 7. SRV (V), PPI (dBZ) products, POZ radar, 1.7-degree elevation from
17:33 (a, d) to 17:43 UTC (b, e) and 3.6-degree elevation at 17:53 UTC (c, ).

RIJ direction and range are marked.

winds, which reached the surface. (Taszarek et al. 2019). In turn, such a long
trail of destruction was possible because of the constantly active, expanding
mesocyclone, the local circulation of which ensured a good separation of up-
drafts and downdrafts, and thus, contributed to the long life of the storm.

At 20:44 UTC, at the edge of the Doppler scan range, the data from
the POZ radar were already strongly attenuated and distorted. Therefore,
the mesocyclone analysis was continued using data from the GDA radar. De-

spite problems with the interpretation of data related to noise and the sec-
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Fig. 8. Vertical section VCUT(V) from POZ radar showing further stages
of RIJ evolution and a part of SC area at: (a) 18:13 UTC; (b) 18:33 UTC; (¢)
18:53 UTC; with the corresponding 4 km CAPPI (V) scans with marked
vertical section lines (d, e, ).

Fig. 11. SRV (V) (left), PPI (dBZ) (right) scans from 1.7-degree elevation

Fig. 9. SRV(V), PPI (dBZ) products, POZ radar, 3.6-degree elevation, at: showing the location of the mesocyclone at: 18:43 UTC (a, b), 18:53 UTC (c,
18:03 UTC (a, d), 18:13 UTC (b, e), 18:23 UTC (c, ). RIJ direction and range d), and 19:03 UTC (e, f) - POZ radar.
are marked.

Fig. 10. (a) PPI (dBZ); (b), SRV (V) scans from 1.7-degree elevation and ver-
tical cut VCUT (V) from 18:53 UTC (c) - POZ radar.

Fig. 12. SRV(V), PPI (dBZ) products, POZ radar, 3.6-degree elevation,
at: 18:33 UTC (a, d), 18:43 UTC (b, e), and 18:53 UTC (c, f); RIJ direction
and range are marked.



Derecho radar analysis of August 11, 2017
Hubert tuszczewski, Irena Tuszynska

Fig. 15. SRV (V), PPI (dBZ) products, POZ radar, 3.6-degree elevation, at:
Fig. 13. Products: (a, d, 9) MAX (dBZ); (b, e, h) vertical section VCUT (dBZ) 19:03 UTC (a, d), 19:13 UTC (b, e), 19:23 UTC (c, f); RIJ direction and range
through a SC; and (c, f, i) EHT (HeightMaxZ) - POZ radar at 19:10 UTC (a, b, are marked.

©),19:30 UTC (d, e, f), 19:50 UTC (g, h, i).
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Fig. 16. Vertical section VCUT(V) from POZ radar presenting interaction
of RIJ with RFD SC at: 19:13 UTC (a), 19:23 UTC (b), and 19:33 UTC (c) with
the corresponding 4 km CAPPI (V) scans with marked vertical section line
(d, e, ).

Fig. 14. SRV(V), PPI (dBZ) products, POZ radar, at 19:13 UTC: (a, ¢) 3.6-
degree elevation; (b, e) 0.5-degree elevation.

Fig. 17. SRV (V), PPI (dBZ) products, POZ radar, 1.7-degree elevation,
at: 19:33 UTC (a, d), 19:43 UTC (b, ), and 19:53 UTC (c, f). RIJ direction
and range are marked.
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Fig. 18. (a) PPI (dBZ); (b) SRV (V) products from 0.5-degree elevation
at 20:44 UTC with the essential elements of the storm system indicated -
GDA radar.

Fig. 19. (a, b) SRV(V) product from GDA radar at 21:44; and (c) the vertical
section VCUT(V). The area between white lines is path of the greatest
damage.

|
mesoscale low

Fig. 20. (a) PPI (dBZ); (b) SRV (V) products from 0.5-degree elevation
at 23:14 UTC with visible mesoscale vortex formed around the local low -
GDA radar.

ond trip echo phenomenon, the SRV (V) product clearly shows the effects
of further transformation that the system underwent while moving between
the Doppler range of the POZ and GDA radar. The RFD on the eastern
flank of the mesocyclone overtook the FFD and became the main bow
segment additionally powered by the descending RIJ. The mesocyclone dis-
tinctly increased its diameter, still moving along the forehead, to the west
of the system axis (Fig. 18).

Unfortunately, due to the poor quality of data from the GDA ra-
dar between 20:00-21:00 UTC, the RIJ analysis was abandoned for
that period. However, this is already the stage where the direction
of the RIJ and of the near-surface flow associated with the weakening
RED of the pre-existing SC are diverging. Although the RIJ is relative-

ly low, there is no longer such strong transfer of the RIJ momentum

to the surface. This fact reveals why no such extensive wind damage has
been recorded in the coastal area.

After 21:00 UTC the MCS takes the form of a compact bow echo with
one large bowing segment associated with transformed RFD, along with
the MCV signature formed at the mesocyclone site. Unfortunately the pre-
cise time of the MCV forming can’t be determined due to poor data quality
just before 21:00 UTC. The vertical section VCUT clearly shows the MCV
axis inclined from north to south and its eastern flank with high-velocity
values at lower elevation, additionally powered by the RIJ (Fig. 19). The pres-
ence of the mesoscale low resulting from the evolution of the mesocyclone
was distinctly visible in the SRV (V) scans after passing over the shore
of the Baltic Sea. A cyclonic circulation of air masses developed around
the mesocyclone low, which is confirmed by the twisting motion of hydro-

meteors (Fig. 20).

7. CONCLUSION

This paper presents a case study of a derecho based on radar observations.
In particular, the origin of the phenomenon and the various stages of its
development were determined, important components of the storm were
identified, and their role in the formation of the damaging winds was shown.

The analysis shows formation of a bow echo complex (classified
on the grounds of the inflicted damage as a derecho) (Taszarek et al. 2019;
Wrona et al. 2022), which developed from unorganized storm cells. The de-
cisive role in the system evolution was played by one of the storm SCs em-
bedded into the system, the local circulation of which intensified the pro-
cesses taking place therein.

The study has focused on the development and the evolution of the me-
socyclone, RIJ activity, and their interaction. The main objective was to ver-
ify the hypothesis formulated by Taszarek et al. (2019) that the overlapping
of wind vectors within the RED SC and the RIJ vectors was responsible for
such significant wind damage. Our analysis of radial wind observations con-
firms the presence of characteristic gust fronts associated with mesocyclone
circulation and their interactions with RIJ.

Despite some data discontinuities, it was confirmed that the areas
of the most significant damage coincide in time and space with radar obser-
vations showing the convergence of wind vectors related to RFD and RIJ.
Later divergence of these wind directions explains why the storm did not
cause so much damage in the northern part of Pomerania.

In conclusion, this study presents a detailed qualitative analysis of the el-
ements of the storm system responsible for extreme anemological phenom-
ena: the interaction between the RFD of the SC and the RIJ. More accu-
rate quantitative analysis was hindered because of the system’s distance
from the radars during the key moments of its evolution and the difficulties
in the darta interpretation, including contamination by strong precipitation.
Nevertheless, the key question was answered: what mechanisms acting with-
in the convective system led to development of such strong winds and dam-
ages? In addition, this paper provides evidence that mesoscale convective
systems, in which intense SCs are embedded, could be extremely dangerous.
The knowledge obtained from this analysis may help in warning the popula-

tion more effectively against similar phenomena in the future.
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ABSTRACT. This paper presents the evolution of the mesoscale convection system as seen on satellite images during all stages: pre-convection, initiation,
and maturity. The evolution of any atmospheric phenomenon can be monitored effectively only when the data available have adequate temporal and spatial
resolution. In case of convective storms the resolution should be minutes and kilometers. Therefore, data from the METEOSAT geostationary satellite, with
5-minute and 15-minute intervals were used operationally to monitor the storm of 11 August 2017; this was a most destructive storms, concentrated in several
districts of the Pomeranian, Greater Poland, and Kuyavian-Pomeranian voivodeships. Analysis demonstrated that some alarming features, like cold rings
or cold U/V shapes, can be visible on the single channel satellite images, without even referring to specific convective products. However, the nowcasting
of the convective phenomena requires careful analysis of several dedicated products, including stability indices and water vapor content in the troposphere.
It has been shown that with comprehensive analysis of the information provided by the different satellite images and satellite derived products, it is possible

to draw conclusions about the severity of the observed storms as well as the probability of the occurrence of the extreme weather at the ground.
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1. INTRODUCTION

Progress in satellite data quality and speed of data acquisition over the past
two decades, provides new insights for application to short-term weather
forecasts, as well as so-called nowcasting weather forecasts. Nowcasting
supplies a detailed description of current weather conditions obtained
by extrapolation for a period of 0 to 6 hours ahead. Nowcasting is especially
useful in the event of storms and downpours as well as flooding, because in its
typical time range it is possible to forecast small features such as individual
storms. Modern advances in satellite technology in terms of high resolution,
multi-spectral coverage and sampling frequency (appearance of a given
satellite over the same area of Earth) are improving satellite data to high
accuracy, and thus of increasing importance in weather monitoring. Satellite
data are also essential for the accurate numerical weather forecasts. These
trends of increasing accuracy and temporal resolution of satellite retrievals,
support improved models, and more accurate forecasts, even for the most
violent storms.

The ability of satellite data to detect and monitor the Earth’s atmosphere
proved to be extremely useful during the one of the most destructive storms
that was concentrated in several districts of the Pomeranian, Greater Poland,
and Kuyavian-Pomeranian voivodeships on 11 August 2017. On that day,
there was a humid and very hot mass of tropical air over Poland (Taszarek
etal. 2019). The air temperature in the southern part of the country reached
35°C. Thermodynamic and kinematic conditions, including high wind shear,
favored the development of severe storms and accompanying phenomena
in the form of heavy rainfall and strong gusts of wind. In the afternoon, these
storms appeared over southwest Poland, then quickly intensified and moved
to the northeast in the form of a mesoscale convection system with
an embedded squall line. The strongest phenomena occurred in the evening
on the border of the Greater Poland, Pomeranian, and Kuyavian-Pomeranian
voivodeships. The maximum wind gusts recorded that day are among
the highest in the history of Polish measurements: 42 m/s in Elblag, 36
m/s in Chrzastéw, 35 m/s in Gniezno, and around 30 m/s at several other
stations. The route of the most intensive wind gusts is shown on Figure 1.

In total, 5 people were killed in Poland (Dziennik Balrycki 2018)
and 39 were injured. In addition, 23 rescuers suffered minor injuries during
the operation. In terms of the number of victims, the most tragic outcome
was in Suszek (Pomeranian Voivodeship), where S people died. Storms
this strong happen once every few years, but the mesoscale convection system
(MCS) that occurred on 11 August, 2017 met the criteria for a derecho
and was the one of the strongest storm incidents recorded recently in Poland
(zmiana na (Wrona et al. 2022). The detailed synoptic analysis of this storm
is presented in this issue of MHWM in the paper by Wrona et al. (2022).

This paper presents the evolution of the mesoscale convection system
as seen on the satellite images during all the stages: pre-convection,
initiation, and maturity. In Chapters 2 and 3 the satellite data and products
used in the analysis are described. The evolution of the MCS on satellite
images and products is shown in Chapter 4. The analysis presented
in this chapter also includes satellite products that were not available
at the time of the event but are now used operationally in forecasting offices,
so that we could evaluate their suitability for detecting and monitoring

severe convective systcms.

2. SATELLITE IMAGES USEFULFOR CONVECTION
DETECTING AND MONITORING

Data from a geostationary satellite provide indirect information
on the atmosphere with high temporal resolution for almost full coverage

of one of the Earth’s hemispheres. Depending on the spectral channel in which
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the satellite image is acquired, various types of weather phenomena and their
characteristics can be detected. The analysis of all available spectral data
enables the retrieval of meteorologically important information. Acquisition
of satellite data in solar bands enables the estimation of optical thickness
of the cloud and the water phase, but the monitoring is limited to the daytime
only. Initiation and development of the severe weather phenomena regardless
of the time of day can be tracked in the infrared channels that measure radiation
emitted by the Earth and the atmosphere. These bands allow the estimation
of cloud-top temperature, which is used as an indicator of the potential severity
of thunderstorms (da Silva Neto et al. 2016). In the troposphere, the thicker
and more developed the storm cloud is, the lower brightness temperature
its top represents. Apart from IR single channel images, satellite derived
products that cither combine data from different channels or are obtained
with dedicated software can be used for convection detection and monitoring.

Both types of products are described below.

21. COLOR-ENHANCED IR BRIGHTNESS
TEMPERATURE IMAGE

The METEOSAT SEVIRI instrument provides image data in eight IR
channels, two of which (IR 10.8 um and IR 12.0 um) are known as IR
window channels, because of relatively little absorption by the atmospheric
gases in this spectral region. The two channels enable estimation of cloud
top temperature, which provides crucial information for detection of highly
developed clouds, including convective storms. For fast and easy recognition
of the coldest parts of cloud tops, the IR 10.8 um channel with color
enhancement of cloud top temperature below -33°C is widely used.
It provides information on the coldest parts of cloud tops that are often
connected with deep convection occurring in the cloud (Setvak et al. 2010).
The cold ring and cold U shape(s) on the convective cloud top (Fig. 2) are
indicators of the possible severity of the convective cloud (Setvak et al.

2010), particularly if they are present during a longer time period.

2.2. SANDWICH

Another meteorological product providing information on convection
initiation and storm tracking is METEOSAT SEVIRI “Sandwich” Product.
It consists of two layers: a black and white visible channel image (in this case
HRV 0.4-1.1 um) and a color-enhanced IR Brightness Temperature image.
With their high spatial resolution, the background images provide
information on cloud top spatial structure, while the overlaid IR images
are used to monitor cloud top temperature distribution. Therefore cloud
top features indicating the cloud severity, such as cold rings, cold U, gravity
waves, and above-anvil ice plumcs can be much more casily detected. These
features can be seen in Figure 3. The main limitation of the Sandwich
product is its availability only during the daytime.

Both color enhanced IR and Sandwich images are useful in detecting
and monitoring the cloud top features. Storms exhibiting cold rings belong
to a category of storms whose tops exhibit some form of cold/warm couplets
that are connected with overshooting tops. Under favorable conditions
almost every major overshooting top generates a downwind counterpart,
a warm spot of varying horizontal extent, with brightness temperature
difference from the surrounding anvil, and duration (Setvak et al. 2010).
The occurrence of warm spots downwind of the individual overshooting
tops is supported by some specific air mass types and wind shear, therefore
these features are not observed in every convective cloud (Setvak et al. 2010).
In the works by Schlesinger (1984, 1988), Heymsfield and Blackmer (1988),
and Heymsfield et al. (1991) the close link between storm severity and cold

rings, or cold U/V-shapes with a duration of 40-45 minutes, was indicated.
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Fig. 1. Severe weather reports on 11 August 2017 in Poland (European Severe Weather Data Base).

2.3. THE WATER VAPOR (6.2 uM) CHANNEL IMAGE
The imagesin the 6.2 um channel may indicate the development of convection
over the area. The 6.2 um images show the distribution of the water vapor
concentration in the upper tropospheric column (in shades of grey) as well
as clouds with high tops. Water vapor in the atmosphcrc piays a kcy role
in storm formation. While the typical storm clouds are the real generators
of static chargc found in the atmosphcrc) their ability to hold massive
amounts of electrical energy is related to the amount of water vapor present
in the local area’s air column (Schadowitz 1988).

Apart from detection of a pre-convectional environment, 6.2 ym images
also can be used for monitoring highiy—dcvciopcd convection cells that are

white on images in the grey scale.

2.4. THE BTD PRODUCT

As above, thunderstorms are clearly detectable on satellite maps showing
the distribution of water vapor. The Brightness Temperature Difference
(BDT) product, which shows differences in the brightness temperature
between the 6.2 pm and 10.8 um channels is dedicated to early recognition
of rapidly developing storms.

In the case of vcrticaliy dcvcioped clouds, the radiation at the top
of the atmosphere can be considered as the radiation at the cloud top, from
the stratosphere. One of the main characteristics of the stratosphere is the increase
of temperature with altitude. The increase is more pronounced in the absorption
bands. The actual difference between the brightness temperatures depends
on the actual height of the cloud top and on the amount of stratospheric water
vapor (Schmetz et al. 1997). Difference values greater than 0 indicate areas

in clouds where strong updrafts occur, leading to a strong uplift of the cloud

tops and the overshooting tops phenomenon (Setvak et al. 2007; Bedka et al.
2010; da Silva Neto et al. 2016). These tops can reach the tropopause and even
extend into the stratosphcrc. Such areas are very often associated with violent
phenomena such as heavy rainfall, wind gusts, hailstorms, or even tornados

(Bedka et al. 2010; Setvak et al. 2010).

3. LEVEL 2 SATELLITE PRODUCTS

The level 2 products used in this analysis were derived using the NWC/GEO
software package delivered by the EUMETSAT Satellite Application Facility
in support of nowcasting and very short-range forecasting (NWC-SAF). Its
main objcctivc is to providc mctcoroiogicai products which have appiication
to nowcasting. It allows calculation of mctcoroiogicai ptoducts related
to clouds and their physical properties, precipitation, convection initiation,
wind, clear air turbulence, and instability indices. Besides the satellite data,
the NWC-SAF software uses numerical weather prediction (NWP) model
fields. As the current operational version of the NWC/GEO software was
created in 2018, i.e., after the 11 August 2017 storm, the products presented
hereafter were obtained with an off-line run of the software with archived

satellite and N'WP model data.

31. LAYER PRECIPITABLE WATER PRODUCTS

Whereas the satellite data in the 6.2 ym channel provide information
on the water vapor content in the upper troposphere, the Layer Precipitable
Water product gives information about the amount of prccipitabic water
in three discrete layers of the atmosphere: the boundary layer, from the surface
to 850 hPa; the medium layer, from 850 hPa to 500 hPa; and the high

layer: from 500 hPa to the top of the atmosphere. The moisture content



Monitoring the 11 August 2017 storm in central Poland with satellite data and products
Bozena tapeta, Elzbieta Kuligowska, Paulina Murzyn, Piotr Struzik

Temperature IR_10.8

Brightness
[°C1

41

Temperature IR_10.8

e

n
n
4]
C
5
=
bo
oy
«©

Fig. 3. METEOSAT SEVIRI Sandwich product, 11 August 2017, 17:00 UTC (EUMETSAT 2017).

in the lower and middle layers is an indicator of favorable conditions for
convective activity (Murugavel et al. 2017). The parameters characterizing
tropospheric moisture can be obtained with the NWC SAF Geo package

for cloud free areas only.

3.2. STABILITY INDICES
Satellite data not only makes it possible to observe phenomena occurring
in the atmosphere and on the land at any given moment. If used properly,

they can also provide useful information for storm nowcasting.

A good example are the stability indices derived from METEOSAT satellite
data for cloud free areas: K Index (KI), L Index (LI) and Showalter Index (SI).

The K Index (George’s Index) is a measure of thunderstorm potential
based on the vertical temperature lapse rate, and the amount and vertical
extent of low-level moisture in the atmosphere. When less than 20°C, KI
indicates no storm probability, if 20°C to 25°C - isolated storm cells only,
26°C t030°C - widely scattered thunderstorms, 31°C to 35°C - scattered
storms, and finally more than 35°C - numerous thunderstorms (George

1960). The K Index integrates measurements of vertical temperature
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lapse rate, moisture content of the lower atmosphere, and vertical extent
of the moist layer, and thus, may be useful for identifying convective
and heavy-rain-producing environments. The K Index is a useful tool
for diagnosing the potential for convection. However, it cannot be used
to infer the severity of convection. Because it uses 850 hPa data, it is not
applicable in mountainous regions, in which the surface pressure is less
than 850 hPa.

The Lifted Index is another common measure of tropospheric instability.
It is defined as the difference between the air temperature at a given level
of the troposphere and the temperature of an air parcel raised from
the Earth’s surface (or the lower troposphere) up to the same level of the air

mass. It is calculated using the following equation:
LI=T, -T, (1)

Where T, is the air temperature at 500 hPa and T, is temperature
of an air parcel lifted form the surface to the 500 hPa level. The LI presented
in this paper was calculated assuming that the air parcel was lifted form
the lowest laycr of 100 hPa height. The more negative the LI values, the greater
the possibility of strong convection. Thus, negative LI values indicate
that the atmosphere is unstable, and convection may occur. The lower the LI
values, the greater the chances of convection and the development of violent
updrafts (Blanchard 1998).

The Showalter Index is another measure of thunderstorm potential

and severity. It is given by:
SI=T,,-T, @

where T, is the temperature (°C) of a parcel lifted from 850 to 500
hPa. As the SI decreases to zero and below, the likelihood of showers
and thunderstorms is considered to increase (Showalter 1953). SI
indicates mid-tropospheric instability, while LI usually indicates
instability of the lower troposphere (depending on the level the virtual
air parcel is lifted from). SI is especially useful when a shallow, cool layer
of air below 850 hPa lies beneath air of greater convective potential
(Showalter 1953). Threshold SI for thunderstorms vary, but showers
and thunderstorms become more likely as the value of ST is less than -4°C
(Huschke 1959). A Showalter Index greater than 0°C implies a generally
stable atmosphere, with weak convection possible for SI equal to 1°-2°C,
but only if strong air lifting is present. When SI is in the range of -3°
to 0°C, the air is modcratcly unstable. If SI is between —4° and -6°C,
the atmosphere is very unstable, and an SI less than —-6°C means extreme

instability, thus indicating a high probability of severe storms.

3.3. RAPIDLY DEVELOPING THUNDERSTORM -
CONVECTION WARNING

The NWC SAF product developed for monitoring storms is Rapidly
Developing Thunderstorm — Convection Warning (RDT-CW) (Moisselin,
Autones2020). RDT-CW isused for identification, monitoring, and tracking
of intense convective clouds and detection of rapidly developing convective
cells as well as forecasting (nowcasting) them. The object-oriented approach
underlying the RDT-CW product allows one to add value to the satellite
image by characterizing these convective entities through various parameters
ofinterest to the forecaster such as motion vector, coolingand expansion rate,
or cloud top height. These features make this particular product a valuable
tool for both forecasters and research teams, or even aeronautical uses. RDT-
CW was developed by Meteo-France in the framework of the EUMETSAT
SAF in support of modern nowcasting, and uses mainly the geostationary

satellite system.

4. THE STORM OF 11 AUGUST 2017 IN SATELLITE
IMAGES AND PRODUCTS

Satellite data provide information about the state of the atmosphere
and land over an area, limited only by orbit type and instrument technical
design. The SEVIRI instrument aboard EUMETSAT METEOSAT satellite
provides data from all of Europe with temporal resolution of 15 minutes
for normal scanning mode and 5 minutes for rapid scan mode (RSS). These
features make METEOSAT/SEVIRI data and products extremely useful
cither for detection of potentially dangerous meteorological phenomena
before they reach the area of interest, or for defining the regions with
conditions favorable for developing severe convective storms.

On 11 August 2017, rapid development of a convective system was
observed. In the afternoon, the system started to grow in Czech territory
and began to move over the southeastern part of Poland. A few hours later,
the convective cells transformed into a mature system covering a vast area
of the country. Late in the evening the convective system started to shift
tOWade thﬁ nofth. All thﬁse phaSCS were Clcal‘ly seen on thc Satcllitﬁ data
and products. The lifecycle of this MCS is presented below using
METEOSAT/SEVIRI satellite data and products.

In the morning hours of 11 August, 2017, stability indicators derived from
satellite data over the cloud free area indicated the presence of a convection-
favorable environment over Poland (Fig. 4). In each image, shades of brown
mark the regions with stable atmosphere, while blue, green, and red
indicate the presence of unstable conditions. One can easily notice the areas
of unstable atmosphere over southeastern and eastern Poland at 09:00 UTC.
The KI values in these regions were in the range of 28-34°C, while LI and SI
were negative. Unstable conditions were also noted over central Poland, with
KI and LI values of 28-34°C and <0°C, respectively (Fig. 4a). The western
part of Poland is covered by clouds, so it is not possible to retrieve stability
indices but adjacent to the cloud cover KI and LI indicated unstable air.

Moreover, high values of satellite-derived precipitable water content
in the boundary and medium tropospheric layers were found over almost
the entire cloud-free region of Poland (Fig. Sa-b). The highest values
of the precipitable water content in the boundary layer were found over
northern and northeastern Poland, (Fig. Sa), i.c. in the regions with unstable
atmosphere (Fig. 4a-c), indicating convection-favorable conditions over
these areas of Poland. Unfortunately, cloudiness precluded clear analysis
in this region.

At same time, a few scattered clouds with reasonably cold tops ( T, around
-50°C) were observed over Germany and western Poland (Fig. 6).

At 12:00 UTC, two convective systems can be seen on the Sandwich
image (Fig. 7): the weaker one over western Poland and the more active one
over the Czech Republic (Fig. 8).

At the same time, the growing instability was observed over cloud-
free regions of Poland. The KI and LI values, respectively in the range
of 28-40°C and -4 to -8°C , indicated unstable atmosphere over
all of cloud-free Poland (Fig. 9a-b), while SI was negative over southern
Poland, except for the eastern part of Podkarpackie voivodeship (Fig.
9¢). It should be pointed out that the most unstable conditions were
found over the southeastern part of cloud-free Poland with KI of 40°C,
LI of -8°C and SI of -7°C (Fig. 9a-c). Such values of these indices, along
with high values of total precipitable water content (around 40 mm, Fig.
8) indicated high probability of severe storms in these regions. As will be
shown, no convective system developed there, demonstrating that satellite
products can be used to recognize regions with the necessary conditions
(prccipitablc water content, stability indiccs), which, however, may not

be sufficient to induce convection.
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Fig. 4. Stability indices derived from METEOSAT/SEVIRI satellite data for cloud free areas with the EUMETSAT NWC SAF Geo package,
11 August 2017, 09:00 UTC: a) K, b) LI and ¢) SI.
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Fig. 8. Total precipitable water content derived from METEOSAT/SEVIRI satellite data with the EUMETSAT NWC SAF Geo package,

11 August 2017, 12:00 UTC.
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Fig. 9. Stability indices: a) Kl, b) LI and ¢) Sl derived from METEOSAT/SEVIRI satellite data with the EUMETSAT NWC SAF Geo package,
11 August 2017, 12:00 UTC.
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Fig. 11. METEOSAT/SEVIRI WV 6.2 um channel image, 11 August 2017, 13:45 UTC. Moist air is indicated with light grey, and dry air with black. Highly devel-

oped cloudiness is white.
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Fig. 13. RDT product derived from METEOSAT/SEVIRI satellite data with the EUMETSAT NWC SAF Geo package, 11 August 2017, 14:30 UTC. The color

of the contour marks the convection phases: yellow = triggering, orange = triggering from split, red = growing, purple = maturity and blue = decaying.
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Fig. 18. RDT product derived from METEOSAT/SEVIRI satellite data with the EUMETSAT NWC SAF Geo package, 11 August 2017, 19:00. The color of the con-

tour marks the convection phases: yellow = triggering, orange = triggering from split, red = growing, purple = maturity and blue = decaying.
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50 Fig. 19. METEOSAT/SEVIRI color-enhanced IR Brightness Temperature images, 11 August 2017.
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Fig. 20. METEOSAT/SEVIRI BDT images, 11 August 2017.



Monitoring the 11 August 2017 storm in central Poland with satellite data and products
Bozena tapeta, Elzbieta Kuligowska, Paulina Murzyn, Piotr Struzik

19:30 UTC

19:45 UTC ._ e o 20:00 UTC = 3 \‘ 20:15 UTC

Temperature IR_10.8

Brightness.
ra

20:30 UTC J o F 20:45 UTC 21:00 UTC

Temperature

ra

2

=

Fig. 22. METEOSAT/SEVIRI BTD image, 11 August 2017, 21:00 UTC.
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Fig. 25. METEOSAT/SEVIRI color-enhanced IR brightness temperature images at 22:00 UTC, 23:00 UTC and 23:45 UTC
on the 11 August 2017 (EUMETSAT 2017).
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Fig. 26. RDT product derived from METEOSAT/SEVIRI satellite data with the EUMETSAT NWC SAF Geo package, 11 August 2017, 23:00 UTC. The color

of the contour lines marks the convection phases The color of the contour marks the convection phases: yellow = triggering, orange = triggering from split,
red = growing, purple = maturity and blue = decaying.



At 13:45 UTC, the convective system from the Czech chublic reached
the southwest border of Poland. The convective system over Poland, seen
in Figure 6, has moved north, and its intensity, as deduced from the Sandwich
and BTD images that hour, weakened: the cloud top temperature warmed,
and BDT values decreased. (Fig. 10a-b). However, the main, most powerful
storm cell (from the Czech area) was yet to arrive over this area.

Useful information about the atmospheric state can be also brought
by the water vapor images. As mentioned in Chapter 2, the 6.2 um images
represent the water vapor concentration in the upper tropospheric column.
The more water vapor, the less radiation is measured by the satellite
instrument so that the area with the moist air in the upper troposphere
appears colder (marked with light shades of grey) on the 6.2 pm images
than the area with dry air. These light areas on the images are associated
with mid- to upper-tropospheric ascent, and dark areas with descent
(Georgiev, Kozinarova 2009; Georgiev et al. 2016). Therefore, synoptic-
scale boundaries between light and dark regions are related to significant
upper-level flow features, one of which is the jet stream characterized
by a strong dark/light gradient on the 6.2 um image, with dry air
on the polar side (Georgiev, Kozinarova 2009; Georgiev et al. 2016).
At the 13:45 UTC, the 6.2 pm image showed several jet streams, among
them the one running from southern Italy through Slovenia, Hungary,
Slovakia, the Czech Republic, and ending in southwestern Poland (Fig.
11). The presence of convection in the left exit area of the jet stream
(the area on the border of Poland, Czech Republic, and Germany) should
be also pointed out here (Fig. 11).

At carly afternoon (14:30 UTC), this jet stream was crossing the foot
of the Sudety Mountains and new convection cells were formed over this area.
In the following hours, these new convection cells continued to develop (Fig.
12). Moreover, the convection system from above the Czech Republic was
recognized as developing convection, which can easily be seen on Figure 13,
representing the Rapid Developing Thunderstorms product.

In the images from 15:30 UTC and 16:00 UTC (Fig. 11), the merging
of the convective system with the newly developed convective cells into one
larger entity can be observed over southwestern Poland.

From the images in Figure 15, it can be seen that the cold ring varied in shape
and size during the time period but the fact that it was present all the time
indicates that monitored convective system was very active. The central warm
spots were created downwind from the overshooting, which can be evaluated
by comparing the location of the warm spots in the Sandwich product (Fig.
16, 16:45 UTC). The largest values of the WV-IR brightness temperature
difference (BTD) were on the order of 4. As indicated by Setvak et al.
(2007) and da Silva Neto et al. (2016), values of this difference of the order
of 4-6°C are extremely rare over central Europe and they are good indicators
of overshooting above the coldest cloud tops.

The presence and especially the duration of a cold ring in the 11 August
2017 convective system indicated the possible severity of the system
and hence the possibility of dangerous weather phenomena, such as heavy
rainfall, gusts of wind, or hail.

At and after 18:45 UTC, satellite data indicated further development
of the convective system, where BTD values of 4-5°C (Fig. 16b) might
indicate the presence of strong updrafts. The presence of a cold ring should
be pointed out as well (Fig. 17a).

According to the RDT product, the convective system reached maturity
at 19:00 UTC (Fig. 18). It remained active, with the presence of a cold
U shape (indicated by the blue arrow on Fig. 19) and smaller cold rings,
resulting in overshooting tops during the next hour, which can be deduced
from BDT images (Fig. 20).

Monitoring the 11 August 2017 storm in central Poland with satellite data and products
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The strongest wind gust occurred after 20:30 UTC over the area marked
with the blue arrow on Figure 19. Of course, SEVIRI satellite data do
not support wind gust recognition, but its presence is well documented
in Wrona et al. (2022).

As most of the damages caused by the convective system occurred
between 19:00 UTC and 21:00 UTC, the sequence of color-enhanced IR
images is presented in Figure 21, showing the evolution of the system in its
mature and most dangerous phase.

The cold ring is present in the images from 19:00 UTC and 19:15
UTC, after which it transformed into a cold-U shape with a large area
of overshooting tops in its southern and southeastern parts. These features
can be seen in the satellite images from 19:30 UTC to 20:00 UTC (Fig.
21). The transformation from cold-U shape into a cold ring structure again
seemed to begin around 20:30 UTC, however, the temperature distribution
along the ring was not homogenous and a distinctive minimum can be seen
in its northwestern part. This complicated structure should be considered
as the results of the interaction between single overshooting tops located
close to each other. Actually, one could conclude that the ring is composed
of two parts: the warmer one in the north and the colder one in the south,
with small structures in the western part. These structures, marked with violet
color, are also clearly seen on the BDT imagery from 21:00 UTC (Fig. 22).
The mechanisms that caused the changes in the cold shapes at the convective
system top cannot be recognized on the basis of the satellite images only,
but require comprehensive analysis with other data, such as radar and NWP.

At 21:30 UTC, a strong updraft, manifested in low BT (Fig. 23a)
and high positive BTD values (Fig. 23b) was still visible over a large area,
as well as the two-part cold ring (Fig. 23a). As previously, the coldest parts
of the ring match the highest BTD values. Unfortunately, the BTD product
is generated for the Polish domain only, therefore, the BTD values were not
available for the whole cold ring structure as the convective system moved
towards Scandinavia.

The other product that can be used to monitor the storm is the RGB
Microphysics 24H (24-hour). On this product, light blue and light purple
areas indicate cloudless areas, while dark red colors correspond to optically
thick clouds with ice crystals in their upper layer (so-called ice phase). They
might be strongly developed anvils and/or storm pyrocumulonimbus. Black
and navy-blue indicate thin cirrus, like the edge of an anvil. Such fragments
of extensive storm clouds propagate mainly in front of the storm cell itself,
thus giving us valuable information about its movement and area.

The RGB Microphysics 24 h at 21:30 UTS is shown in Figure 24.
The convection system (dark red) covering the area of about 1/3 of Poland,
with the anvil in black are easily seen. The black part (appearing as a contour),
indicating thin cirrus clouds, extends for about 100 km north, east, and south.
This indicates the presence of strong updraft in this mesoscale convection system.

During the next few hours, the mesoscale convection system headed
to the northeast, leaving Poland about midnight (Fig. 25). The RDT product
from 23:00 UTC (Fig. 26) shows the storm decay.

5. SUMMARY
This paper shows how satellite data and products can help in nowcasting
by detecting and monitoring convective phenomena. Chapter 4 presents
the series of satellite images and products showing the storm system
developing beyond and over Poland. Taking into account the presently
available satellite products allowed us to make this analysis useful for present
satellite data users.

The satellite data and products were used to analyze the pre-convective

environment in the cloud-free areas over Poland in the morning and noon
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of 11 August 2017. Both the atmospheric stability indices and precipitable
water contents indicated southeastern and northeastern Poland as the regions
where convection could develop. However, the convective systems,
including MCS, developed over western Poland. This region was covered
by clouds in the morning that day so there were no stability nor humidity
products derived from satellite data available for analysis. On the other
hand, this example shows that satellite products describing a pre-convective
environment can be used to recognize the regions with necessary conditions
(precipitable water content, stability indices), which may not be sufficient
to induce convection.

In the cloudy area of western Poland, the satellite images and products
were used to detect and monitor the convective clouds in order to detect
the rapidly developing storm. It has been shown that features indicating
strong convective development, like cold rings or cold U/V shapes, can
be visible on the single channel satellite images, only enhanced by a color
palette, without referring to specific convective products. Moreover, satellite
data can be used to detect and monitor potentially dangerous weather
phenomena, like severe convective systems, before they cross the Polish
borders — an added value of satellite data compared to other data sources like
radars or ground stations.

A broader and simultaneous look at all the images and products
mentioned in Chapter 4 can allow meteorologists to detect and monitor
potentially dangerous convection clouds or a system forming over a given
area. So, it is worth comparing or even superimposing multiple satellite maps
(products) in real time to differentiate among them. In this case, the possible
redundancy of the information is much less dangerous than the exclusion
of given products from the overall analysis. On the other hand, parameters
such as wind shear or wind gust cannot be retrieved from satellite
data. Similarly, it is not possible to retrieve any information about
the metcorological conditions under the clouds. So the satellite data should
be analyzed together with data from other sources, such as radars, ground
stations, and NWP. However, the satellite images and products can be used
to detect the rapidly developing convective clouds that should be monitored

for purposes of nowcasting and warning.
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ABSTRACT. Precise simulations of severe weather events are a challenge in the era of changing climate. By performing simulations correctly and accurately,
these phenomena can be studied and better understood. In this paper, we have verified how different initial and boundary conditions affect the quality
of simulations performed using the Weather Research and Forecasting Model (WRF). For our analysis, we chose a derecho event that occurred in Poland
on 11 August 2017, the most intense and devastating event in recent years. High-resolution simulations were conducted with initialization at 00 and 12 UTC
(11 August 2017) using initial and boundary conditions derived from the four global models: Global Forecast System (GFS) from the National Centers for
Environmental Prediction (NCEP), Integrated Forecast System (IFS) developed by the European Center for Medium-Range Weather Forecasts (ECMWF),
Global Data Assimilation System (GDAS) and ERAS. For the last, we made separate calculations using data at the pressure and model levels. The results were
evaluated against surface and radar data. We found that the simulations that used data from the GDAS and GFS models at 12 UTC were the more accurate, while

ERAS gave the worst predictions. However, all models were characterized by a low probability of detection and a high number of false alarms for simulations
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The impact of initial and boundary conditions on severe weather event simulations using a high-resolution WRF model. Case study of the derecho event in Poland on 11 August 2017

1. INTRODUCTION

In the era of an intensely changing climate, improving our understanding
of weather phenomena, along with their reliable description using numerical
models, is crucial. Numerical weather prediction (NWP) models are essen-
tial for supporting decision-making especially as global warming intensifies
weather-derived natural hazards (Cornwall 2016; Herring 2018). Such ex-
treme weather phenomena, including mesoscale convective systems (MCS),
which can be organized into bow echo structures with mesoscale vortices,
pose a particular risk of life-threatening and economic losses (EEA 2020).
Emergency management and mitigation efforts related to such phenomena
strongly rely on weather forecasts, which have seen intense progress in accu-
racy during the last 40 years (Bauer et al. 2015).

Among many factors, initial conditions were recognized to have tre-
mendous implications on weather prediction accuracy, since even small
initial differences between two NWP solutions will grow significantly
over time (Lorenz 1963; Krishnamurthy 2019). Consequently, assessing
the impact of initial conditions on forecast skill has become an import-
ant task in developing reliable weather predictions. Reichler and Roads
(2003) pointed out that initial conditions have a significant impact
on short-term forecasts, which are dominant in extreme weather predic-
tions, when the model error itself is less powerful. Sutton et al. (2006)
used the Weather Research and Forecasting (WRF) model and verified
that in the case of a high-resolution grid (5 km), the initial conditions (re-
lated to soil moisture) were comparable to the differences resulting from
adopting various convective parameterizations to the lower resolution grid
(20 km). From the point of view of extreme weather event predictions,
Jankov et al. (2007) conducted a detailed study on the influence of vari-
ous physical schemes on the mesoscale convective system for rainfall fore-
casting. They found that WRF rainfall forecasts modelled with various
treatments of convection, microphysical schemes, and planetary boundary
layers are sensitive to the datasets used for model initialization. The im-
pact of the initial conditions on the predictability of heavy rainfall was
also investigated by Bei and Zhang (2007), who pointed out that the er-
ror related to small disturbances in initial conditions leads to significant
uncertainties in a mesoscale forecast. Since global models are recognized
as the best source of a real-time atmospheric state that can be used as ini-
tial conditions for short-term mesoscale forecasts, their uncertainties may
also degrade the final NWP accuracy (Wei et al. 2010). As a consequence,
the impact of these models on the mesoscale model forecasts was inves-
tigated by, among others, Kumar et al. (2015). Using the WRF model
and four different global models, namely, the Integrated Forecast System
(IFS), developed by the European Center for Medium-Range Weather
Forecasts (ECMWF), the National Centers for Environmental Prediction
(NCEP) Global Data Assimilation System (GDAS), the NCEP Global
Forecasting System (GFS), and the National Center for Medium-Range
Weather Forecasting (NCMRWE), they found that forecasts initialized
using ECMWEF/IFS produced the best solution for the Indian region.
Some advantages from using IFS for the initialization of the WRF mod-
el were also found by Taszarek et al. (2019). Based on a derecho event,
they found that, in contrast to the GFS, all IFS-based simulations correctly
pointed out the possibility of extreme winds, although GFS-based sim-
ulations with a shorter lead time performed better for both the location
and timing of extreme strong wind gusts (over 40 m-s).

In this study, we present the effects of using varied initial conditions
on simulations of severe weather events. Our analysis focused on a derecho
event that occurred in Poland on 11 August 2017, one of the most intense

and devastating events in recent years (Widawski, Pilorz 2018). We were
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Fig. 1. Series of meteorological parameters observed at the Chojnice mete-
orological station. Air temperature (left, red line), precipitation (left, blue
bars), wind speed (right, green line), and wind gusts (right, purple bars) are

presented.

looking for answers as to which initial conditions would predict this phe-
nomenon as accurately as possible. First, we provide information about
the event. Second, we introduce the data and methodology, including a de-
scription of the WRF model domains and parameterization, information
on all initial conditions tested, and the meteorological data used for quality
evaluation. Next, we present results of the simulated meteorological param-
eters and validation using in situ ground measurements. Finally, we provide

some conclusions and a discussion of the analysis.

2. DERECHO IN POLAND, 1T AUGUST 2017

Although the derecho analyzcd in this study occurred on 11 August 2017,
the weather conditions that contributed to its creation started to develop
a few days carlier. They were mainly related to the formulation and move-
ments of two pressure systems, namely a long-wave trough over western
Europe and a wide ridge that was situated over central and eastern Europe.
The hot and dry subtropical air masses associated with the ridge were sepa-
rated from the much more humid, westerly located polar air masses by a wavy
cold front that stretched along the western border of Poland. On 10 Au-
gust, a slight change in the orientation of the low-pressure system enhanced
the meridian-directed flow of tropical air from the Mediterrancan Basin
over central Europe. This dynamic triggered a mesoscale convective system
over the Czech territory, which during the night passed over the territory
of Poland. The storms associated with the system contributed to increased
cloudiness, which effectively reduced the insolation over southwestern Po-
land until afternoon. At the same time, the air masses over the eastern part
of Poland were constantly heating under cloudless conditions, contribut-
ing to the creation of a strong thermal gradient. The convergence line be-
tween these two pressure systems was moving northward, under the influ-
ence of the mid-level jet stream, which led to the formulation of a distinct
vertical wind shear. At about 1800 UTC the convective cells embedded
in the northerly propagating bow echo that was constantly growing and fi-
nally evolved into a mesoscale convective vortex (MCV). The development
and transformation of convective cells into MCV, and as a consequence
into a derecho, was supported by the appearance of a rear inflow jet (Su-
lik, Kejna 2020). The thunderstorm reached its strongest form between
20:00 and 2100 UTC, when the echo structure was about 150 km long.
At that time, at the Chojnice synoptic station, precipitation exceeded
13 mm-10 min" and was accompanied by a sharp drop in temperature (from
22.2 to 16.5°C) (Fig. 1, left). At the same time, the average wind speed ex-
ceeded 18.4 m:s” with a wind gust of up to 31.2 m-s” (Fig. 1, right). Very
high wind gusts were also recorded at synoptic stations in Elblag (42 m-s™),
Chrzastowo (36 ms™), and Gniezno (35 m-s*). At 2230 UTC, the convec-
tive system reached the coast of the Baltic Sea and began to weaken visibly.

The synoptic situation was described in detail by Wrona et al. (2022).
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3. DATA AND METHODOLOGY

Here, we provide information on the WRF model used for simulations, to-
gether with domain characteristics, settings, and parameterization of phys-
ical processes. We also briefly introduce the initial conditions with some
notes on their implementation in the WRF model. Lastly, we show meteoro-
logical data used for simulation verification: reflectivity and basic parameters

from telemetry meteorological stations.

31. WRF MODEL

We used the WRF model version 4.2.1 in nonhydrostatic mode, which has wide
applications in atmospheric research and operational weather forecasting (Skama-
rock etal. 2019). Our version of the model was adapted to work on a high-powered
Tryton computer at the Academic Computer Centre in Gdansk. For the simula-
tion, 568 cores of the supercomputer were used, with 552 cores for the WRF mod-
el and 16 for I/O operations. This approach minimized the time it took to write
the results by a factor of 10 compared to a standard run without I/O enabled.

The derecho event was simulated using various initial and boundary condi-
tions derived from the four global models: NCEP/GFS, ECMWEF/IFS, GDAS,
and ERAS. All models were provided with a time resolution of 3 hours. The spa-
tial resolution of the GFS, GDAS, and ERAS models is 0.25°. Therefore, in our
simulations, we designed three nested domains in one direction with a nesting
ratio of 5. Horizontal resolutions of domains, in Lambert conformal projection,
were 12.5,2.5,and 0.5 km. The time steps were 60, 12, and 3 seconds, respective-
ly, for each domain. The time resolution was 1 hour for the outermost domain
and 10 minutes for the other two. Because the spatial resolution of the IFS mod-
el is 0.125°, the first domain in our simulations was 7.5 km. The areas covered
by these three domains were the same for all models. The first domain (domain
1) covers most of Europe, the second one (domain 2), the area of Poland, while
the third one (domain 3 - with the highest resolution) covers the area where
the bow echo and the greatest damage occurred. In Figure 2, the coverages of do-
mains 2 and 3 are presented in detail. Vertically, simulations were done for 50
levels up to 50 hPa. Since the ERAS model levels are provided on the model lev-
els (137) and pressure levels (38), we performed calculations using both of them,
called ERASM and ERASP, respectively.

For all simulations, the same parameterization of physics and model dynamics
was used. We applied a single-moment microphysics scheme with six hydromete-
or classes (WSM6) (Zaidi, Gisen 2018), which is the most suitable for high-reso-
lution simulations (see, e.g., Hong et al. 2010; Parodi et al. 2019). For domain 1,
parameterization of convective processes was performed using the Grell-Freitas
method (Grell, Freitas 2014), while for domains 2 and 3, explicit wet process
physics was used. Moreover, we applied short-wave and long-wave radiation pa-
rameterizations according to the RRTMG radiation propagation scheme, which
is a new version of the RRTM (Tacono et al. 2008). The Mellor Yamada Nakan-
ishi Niino (MYNN) turbulence scheme with closure 2.5 was used to model
boundary layer processes (Nakanishi, Niino 2009). The near-surface layer was
parameterized according to the MYNN scheme (Nakanishi, Niino 2006). To re-
move numerical noise at the start of the simulations, digital filter initialization
(DFI) was used (Peckham et al. 2016). The land topography, land use, and soil
type datasets were included in the model at the WRF preprocessing stage. For
domains 1 and 2, the standard data contained in the WRF model geographic
database (LULC) of IGBP MODIS and USGS GMTED2010 (30 arc seconds)
were used. However, these data are insufficient for high-resolution simulations,
asindicated by other studies (De Meij, Vinuesa 2014; Jiménez-Esteve et al. 2018;
Siewert, Kroszczynki, 2020). Therefore, for domain 3 with a 0.5 km spatial step,
we prepared new geographic data based on CORINE Land Cover (CLC) 2018
with 100 m and terrain topography from the Shuttle Radar Topography Mis-
sion (SRTM) with 30 m resolution. Siewert and Kroszczynski (2020) showed

56°N

54°N

52°N e = e L

50°N

Radar location
Meteo stations _|
Suszek

12°E 14°E 16°E 18°E 20°E 22°E 24°E

48°N | - - -

Fig. 2. WRF domain used in the study. The red rectangle represents a 500 m
domain analyzed in this paper. The black cross shows the location of the mete-
orological radar in Gdansk (Poland) with a range equal to 250 km. The blue
dots show the meteorological stations used for the validation of the results.
The orange triangle identifies the location of Suszek, a village where the great-
est damage was observed. In the background, the reflectivity derived from

the meteorological radar in Gdansk is shown at 2000 UTC on 11 August 2017.

that CLC and SRTM data for microscale halves yield more accurate values for
temperature and humidity at 2 m and wind at 10 m (speed and direction) com-
pared to using default data from the WRF database.

In our analyses, we focused on the results derived from the innermost do-
main, which were stored with a 10-minute interval. Furthermore, we took
into account initialized simulations at 0000 and 1200 UTC on 11 August

2017 to assess how the results depend on the starting time of the simulations.

3.2. REFLECTIVITY DATA

In this study, the WRF reflectivity data were compared with data from
the Meteor 1500C Doppler meteorological radar in Gdansk (Fig. 2,
the black cross) included in the POLRAD network. This radar provides re-
flecitivity scans in the range of 250 km, with 10-min interval. Also, Doppler
velocity scans are available in the range of 125 km, at a 6 min interval. Each
scan contains 9 slices for different elevation angles: 0.5°, 1.4°, 2.4°, 3.4°, 5.3°,
7.7°,10.6°, 14.1°, 18.5°, 23.8°. In the analysis, we used only reflectivity data
after quality improvement using the RADVOL-QC system (Osrédka et al.
2014). In Figure 2 the radar range together with example maximum reflec-

tivity extracted at 2000 UTC are presented.

3.3. METEOROLOGICAL OBSERVATIONS

We used meteorological data from the basic measurement and observation
network owned by the Institute of Meteorology and Water Management, Na-
tional Research Institute. The meteorological situation on 11 August 2017 was
represented based on data from 66 ground automated weather stations (AWS),
located in the 52-55°N and 16-20°E domain, as shown in Figure 2 (blue dots).
Data at 10-minute intervals of the following meteorological elements were an-
alyzed: precipitation, air temperature, and wind speed, including wind gusts.
Measurement data were subjected to the completeness verification procedure

(looking for missing data caused by technical reasons) and data correctness
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(analysis of differences in time series for stations that had more than one data
source). The most frequent sources of data gaps from AW'S are data transfer,
sensor malfunctioning, exceptional equipment maintenance, and unreason-
able recorded data (Storch et al. 1999; Lompar et al. 2019).

For synoptic stations with series of hourly data made by meteorological ob-
servers, the data gaps from AWS were supplemented with data from an observer.
In the case of missing data, which could not be filled with the simple interpolation
between adjacent time series records (up to 30 minutes), the analyzed time series
data were supplemented with data from at least three neighboring stations using
triangulation or inverse distance weighting methods, commonly used in climatic
research (Storch et al. 1999; Daly et al. 2000; Claridge, Chen 2006; Henn et al.
2013). When verifying the completeness and correctness of the measurement data,

it was found that data deficiencies were less than 1% of all analyzed cases.

3.4. SIMULATION VERIFICATION

To evaluate the quality of the simulated temperature and wind speed, we
calculate the following statistical parameters:

e Bias or mean error (ME):

n —0:
ME = 2i=1(Fi—07) (1)

n

e Root mean square error (RMSE):

n .—0:)2
RMSE = El=1(Fz 01) (2)

n

e Unbiased RMSE (uRMSE):

n .2
urmMSE = [HlCD-0C0) )

e Pearson correlation (R):

— Z?=1((Fi—ﬁ)(0i_6)) (4)

OF0Q

R

Where Fi, Oi are the forecast and observed values, respectively, indexed with
; means the total number of observations and ¢ denotes the standard devia-
tion. ME is the mean difference between the forecasted and observed values,
and therefore a valuable metric to present the tendency of the model to being
over- or underestimated. On the other hand, averaging of positive and nega-
tive ME values may result in misinterpretation. RMSE or uRMSE is the square
root of the squared forecast deviations and is used to mark better or worse
simulations. We provide ME and R calculated for all time steps between 1700
and 0000 UTC and present them as time series. These measures are also calcu-
lated for individual stations and presented on the map as scatter plots for hour-
ly time steps. We utilize Taylor (Taylor 2001) and target (Jolliff et al. 2009)
diagrams to show the relationship between statistical parameters and sum-
marize model performance. The former is a polar coordinate diagram that as-
signs radial coordinates to the standard deviation and azimuth to the inverse
cosine of the correlation coefficient (Eq. 4). The reference point (observation)
is indicated for the polar coordinates (g, 0). The model-to-observation dis-
tance is proportional to URMSE (Eq. 3) and provides a measure of the model
uncertainty. In the target diagram, uRMSE is assigned to the X-axis, and ME
(Eq. 1) is assigned to the Y-axis. The distance between origin and the model

versus observation statistics is equal to RMSE (Eq. 2). As uRMSE is always pos-
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itive, Jolliff et al. (2009) proposed to utilize the positive region of the X-axis
and multiply uRMSE by the sign of the standard deviation difference:

o4 = sign(op — 0p) (5)

Table 1. The 2x2 contingency table.

Observation
Forecast es Mo
Yes A B
No C D

Verification of forecasts for precipitation and wind gusts is based on the con-
tingency table (Table 1). For dichotomous forecast verification, the follow-
ing quality measures were calculated:

e Probability of detection (POD):

pPoD = -2 (6)
A+C
o False alarm ratio (FAR):
FAR = = @)
A+B
e bias:
bias = 2*8 ®)
A+C
o Critical success index (CIS):
Sl = —= ©)
A+B+C

The POD, CSI (also known as threat score) is represented by the so-called suc-
cess ratio (SR) which ranges from 0 (worst) to 1 (best). For FAR, SR=1- FAR.
A bias score equal to 1 indicates an unbiased model. Highcr or lower values
indicate that the forecast is overestimated or underestimated, rcspectivcly. An-
alyzes were performed for selected levels. Values of 0.5 and 1.0 mm of accu-
mulated precipitation were chosen over 10 minutes. For wind gusts, the values
of Sand 10 m-s* were chosen. The €SI are presented in the same manner as for
temperature and wind speed. The performance of individual models is summa-
rized by means of a diagram introduced by Roebber (2009).

The Roebber performance diagram is utilized to summarize the dichot-
omous verification of precipitation and wind gust. With simple algebraic

manipulations, one can relate CSI and bias to SR and POD :

iqe — POD
bias = — (10)
1
SRTPOD

If SR and POD are assigned to the X- and Y-axes, rcspcctivcly, then isolines
of bias and €SI can be drawn on a figure. A perfect forecast should be locat-

ed on the upper right of the diagram.
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Fig. 3. Statistical parameters of the comparison temperature at 2 m derived from WRF simulations and in situ observations at meteorological stations.

From the top: mean error (ME), root mean square error (RMSE), correlation coefficient.

Reflectivity was verified using maximum reflectivity fields derived
from meteorological radar. To access which model gives more reliable re-
sults, we used the index of agreement proposed by Willmott and Wicks
(1980) and Willmott (1981). This index is a dimensionless measurement
of the accuracy of the model and is used in several meteorological and hy-
drological studies. We used a modified version of this index (d ) proposed
by Willmott (1984), which may be regarded as a more rigorous method
than the original version (Pereira et al. 2018). As shown by Willmott et al.
(2012),d, .

es approach the observed values. The modified Willmott index is described

reaches its maximum value more slowly as the predicted valu-
by the following formula:

Z?=1|Fi_0i|

=l-—gG—5 5 —
Amoa 7 (IF~0l+]0;-0]) (12)

d . isbounded by 0 and 1: no agreement and a perfect fit, respectively.

4. RESULTS

This section describes the results of the simulations, as well as their verifi-
cation based on in situ measurements. We divided this section into subsec-
tions by meteorological parameters: temperature, wind speed, precipitation,
wind gusts, and reflectivity. Some visualizations of the results are included
in the Appendix. The analysis of temperature and wind speed is divided
into two stages. In the first, model errors are analyzed in subsequent time
steps, and in the second, at the location of each station. Results are present-
ed separately for simulations initialized at 0000 and 1200 UTC. Evaluation
of precipitation and wind gusts is based on dichotomous verification for two
exceedance levels. The range and spatial distribution of CSI are presented.

For reflectivity, the range of the Willmott index is shown.

41. TEMPERATURE

In general, the predicted temperatures for 0000 UTC were notice-
ably higher than those obtained from the simulation at 1200 UTC.
It is clearly seen in Figure 3 where ME, RMSE and the correlation
of the temperature at 2 m between all simulations and in situ mea-
surements are shown. For all calculations initialized at 0000 UTC,
the temperature is overestimated. The largest ME are observed for
GDAS-driven simulations with a maximum of 3°C at 2200 UTC. ME for
runs initialized at 1200 UTC, in turn, are in the range of =1.5 to 1.5, ex-
cept for ERAS-driven simulations that exceed —1°C. The most accurate
results were obtained for simulations driven by GDAS and GFS. ME are
slightly fluctuating for all runs until 2100 UTC, then the errors approach
maximum values and decrease after 2200 UTC. The RMSE series for 1200
UTC runs follows the ME behavior. The highest values were found for
GDAS and GFS with a maximum >4°C at about 2200 UTC. Following
the coldest bias, ERAS-driven simulations initialized at 1200 UTC show
the highest RMSE values with a peak at 1800 UTC. After 2200 UTC,
the RMSE is visibly decreasing for all results. Correlation values calcu-
lated for every time step can be interpreted as quasi-spatial correlation
of observation and model fields, except that the data are non-uniformly
gridded. The correlation values for the 0000 UTC models are very close
and quite high (0.5-0.8) until 2000 UTC when the R values decrease
and clearly differ between models; the highest are for the ERA5 models
(0.5-0.6) and the lowest for GDAS and GFS (0.2). For models initial-
ized at 1200 UTC, the correlations are quite high for GDAS and GFS
until 2100 and for IFS until 1900 UTC. Then, the R values decrease
rapidly for the latter model. The correlations for the ERAS models are
the smallest, except for the period between 1900 and 2200 UTC where

the IFS is the least correlated. The R values of all calculations initial-
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Fig. 4. Statistical parameters comparing wind speed at 10 m derived from the WRF model and in situ observations at meteorological stations.

From the top: mean error (ME), root mean square error (RMSE), correlation.

ized at 1200 UTC behave similarly and increase slightly from 0.1-0.4 at
22 UTC to 0.4-0.6 at the end of the simulations.

More details about simulation differences are given in Figures Al
and A2 (Appendix), where selected temperature distribution maps be-
tween 0000 and 1200 UTC are shown. Among all results, those based
on the ERAS5 model stand out, mainly due to the differences in temperature
between the 0000 and 1200 UTC simulations. Also, ME values for 0000
UTC GDAS- and GFS-driven WREF simulations are the highest for most
of the stations (Fig. A3). The lowest values are found in the western part
of the domain. The ME values for the IFS model are highest in the southern
partand lowest in the northern part. The mean errors for the ERAS5-driven
simulations are the highest in the eastern part and the lowest in the western
part of the domain. The ME values for the 1200 UTC models are quite
similar in all domains except for the simulations driven by IFS and ERAS,
which exhibit negative values in the eastern region. The RMSE (Fig. A4)
are the largest for GDAS- and GFS- driven WRF calculations initial-
ized at 0000 UTC, with maximum values in the eastern region, much
like ERAS driven runs initialized at 1200 UTC. The lowest RMSE are
seen for GDAS and GFS from 1200 UTC. The correlation (Fig. AS)
is >0.5 in all domains for all results, with the lowest value for the station

located on the Baltic coast.

4.2. WIND SPEED AT 10 M

As in the case of temperature, the difference in wind speed was obtained
for various initial conditions and the initialization of the simulation time.
The mean error of the wind speed (Fig. 4) predicted from 0000 UTC increas-
es to a maximum value of 2-3 m-s™ at 1920 UTC and then decreases to neg-
ative values for all models except ERASP. The lowest ME values are found
until 2100 UTC for the GDAS and GFS predictions initialized at noon.

The values increase slightly from 0 to 1 m-s” at 2100 UTC. After this time,
the ME for GDAS and GFS is rapidly increasing to 3 m-s* and 2 m-s”, re-
spectively, and decreasing to the (-1, 0) range for other models. Maximum
RMSE values are found at 2000 UTC, the largest for ERAS driven simu-
lations. The discrepancy for predictions initialized at 1200 UTC is much
greater. The RMSE for ERAS driven calculations exceeds 3 m-s™. Spatial
correlations do not exceed 0.6 and decrease to —0.2. Positive correlation for
the entire series is only found for IFS initialized at 0000 UTC and GDAS
and GFS started at 1200 UTC. The results for the subsequent initialization
time are more variable.

Detailed differences in the spatial distribution of the winds and their
speed, obtained by adopting various initial conditions, can be observed
in Figures A6 and A7, where wind gusts at 10 m between 1800 and 2200
UTC are presented. The spatial distribution of ME (Fig. A8) and RMSE (Fig.
A9) is very variable and does not reveal any special pattern, unlike in the case
of correlation (Fig. A10). Stations with high temporal correlations are found
in the western and southern part of the GDAS and GFS WRF predictions
initialized at 0000 UTC. The simulations of these models also have high R

values for most locations except the southern region.

4.3. PRECIPITATION

CSI values for events with precipitation sum >0.5 mm-10 min" (Fig. 5) are
lower than 0.4 except for 2 cases for GDAS-driven simulations initialized
at 0000 UTC. The cases are related to isolated precipitation events that ap-
pear from the southwestern direction (Fig. A11). Similar events are seen for
the initialized predictions for IFS and ERASP at 1200 UTC (Fig. A12).
The CSI for runs initialized at 1200 UTC has larger values than those initial-
ized at midnight (Fig. 6). Precipitation events of 1 mm-10 min™ and greater

have slightly lower predictability.
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Fig. 5. Critical success index (CS/) of precipitation >0.5 mm-10 min”.
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Fig. 6. Critical success index (CS/) of precipitation >1.0 mm-10 min”.

The spatial distributions of the CSI values for precipitation events
>0.5 and 1 mm-min™ are presented in Figures A13 and A14, respectively.
The former events are slightly more predictable for IFS- and ERAS-driven
simulations initialized at 0000 UTC. On the other hand, GDAS and GFS
play the primary role among other models initialized at 1200 UTC. Events

>1 mm-10 min" have worse predictability at particular locations.

4.4, WIND GUSTS
During the subject derecho event, wind gusts were the most dangerous and caused
numerous property losses. In this study, the simulated values differ significantly
between each case. The largest damages were reported in the vicinity of the syn-
optic station in Chojnice. The maximum observed wind velocity from meteo-
rological sensors at this station was 31.2 m-s* at 2050 UTC. In general, all simu-
lations significantly underestimated the maximum wind gust. The calculation
based on the ERASM and ERASP model initialized at 0000 UTC was close
to the actual value amounting to approximately 19.5 m-s". However, the simulat-
ed time of the maximum gusts was earlier than the actual time, 1830 and 1930
UTC, respectively. Simulations based on IFS (at 0000 UTC) and GDAS (at 0000
and 1200 UTC) were nearest in time to the occurrence of the phenomenon, taking
place at 2040, 2020, and 2040 UTC, respectively. However, the predicted values
were also underestimated: 15.6, 15.5,and 18.1 m:s”, respectively.

In Figure 7, the CSI series for wind gusts >5 m-s" are presented for
models initialized at 0000 UTC. It is seen that the obtained values differ

Hour of 11th August 2017 (UTC)

between the models. Only the GDAS model has slightly better perfor-
mance between 1900 and 2100 UTC for that exceedance level. Predictions
initialized at 1200 UTC have lower predictability (Fig. 8), slightly more
than 0.6, but touching the lowest possible level in some periods (GDA, GFS,
and ERASM). The CSI values vary much more than for predictions initial-
ized at 0000 UTC. CSI for wind gusts >10 m-s™ is much smaller and varies
greatly over time.

The high predictability of wind gust events >5 m-s” (Fig. A15) is found
for about half of the stations and simulations initialized at 0000 UTC.
This is also the case for predictions driven by GDAS, GFS, and IFS ini-
tialized at 1200 UTC. Single locations are found to be more predictable
in the southern part of the domain for the ERAS-driven computation
of the 1200 UTC initialization time. For the 10 m-s" exceedance level, high-
er CSI values (Fig. A16) are found for only a few stations and mainly for
predictions driven by GDAS and GFS for both initialization times. Some
single stations with higher CSI are also found for the IFS prediction initial-
ized at 0000 UTC.

4.5 REFLECTIVITY

The temporal evolution of the maximum reflectivity field for values higher
than 45 dBZ with 30-min steps is presented in Figure 9 against measured
values. The simulation of maximum reflectivity is presented with 1-h steps
in Figures A17 and A18 for initialized runs of 0000 UTC and 1200 UTC,
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Fig. 7. Critical success index (CS/) of wind gusts >5 m-s™.
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Fig. 8. Critical success index (CS/) of wind gusts > 10 m-s™.

respectively. It is clear (Fig. 9) that the modelled track of the convective line
match was observed one only for GDAS and GFS predictions initialized
at 1200 UTC. On the other hand, the shape and location of the thunder-
storm are different from the observed one. Also, the modelled structure is not
as sharp as detected by the radar. It has also been found that, in general, max-
imum reflectivity fields were simulated more westward for models initial-
ized at 0000 UTC than at 1200 UTC. This is in line with the results shown
by Taszarek et al. (2019). This visual inspection is reflected in the Willmott
index (Fig. 10). All models, except GDAS and GFS started at 0000 UTC,
and IFS started at 1200 UTC are in advance of event. Afterward, the index
is slightly increasing to about 0.4 at 2000 UTC. Thereafter, the values reduce
to about 0.2 at about 2130 UTC and increase to about 0.5 afterward, mostly
for GDAS and GFS runs initialized at 1200 UTC.

4.6. SUMMARY OF THE EVALUATION

OF STATISTICAL MODELS

The Taylor diagram for temperature (Fig. 11, left panel) shows that sim-
ulations of GDAS and GFS initialized at 1200 UTC performed best.
The correlations are the highest, close to 0.9, and uRMSE is the lowest
and closest to the observed value. It is also found that predictions ini-
tialized at 0000 UTC (indicated by blue markers) have larger deviations
and those initialized at 1200 UTC (red marker) had smaller deviations

or were nearly equal to the observed values. This pattern also can be

Hour of 11th August 2017 (UTC)

seen in the target diagram (Fig. 11, right panel), where blue markers
are placed in the positive region of the X axis, and red markers (except
for GDAS with slightly larger o, than o) are placed in the negative
region. The mean errors are the lowest for 1200 UTC initialized runs
and the largest for 0000 UTC runs that are warm-biased. According
to the above diagrams, the ERAS computations started at 0000 UTC
seem to be the second best performing predictions.

The Taylor diagram for wind speed at 10 m (Fig. 12, left panel) shows
the best performance of the GDAS and GFS simulations for both initial-
ization times and the IFS initialized at 0000 UTC, but the skill is very low.
URMSE is about 3 m-s. The performance is the lowest for ERAS predictions
initialized at 1200 UTC with a correlation close to zero. All models are pos-
itively biased (Fig. 12, right panel) and the lowest mean errors are found
for GDAS, GFS and GFS runs initialized at 1200 UTC and IFS initialized
at 0000 UTC. The ME values differ slightly between models.

bi ——PODCSI——
las = —o _L+L_1
SR ' POD

(13)

In Figure 13, Roebber’s performance diagram is presented for precip-
itation events >0.5 mm (left panel) and 1 mm (right panel) per 10-min-
utes. According to this figure, the best skill was found for the GDAS
and GFS models initialized at 1200 UTC, but the POD and SR values
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Fig. 9. Maximum reflectivity derived from the WRF model with various initial conditions and from meteorological radar. Data presented for hours between

1830 and 2300 UTC in 30-minute intervals. The black outlines represent the measured values. Reflectivity was plotted only for values higher than 45 dBz.
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Fig. 10. Comparison of the Willmott index between WRF models with various initial and boundary conditions. The index was calculated on the basis

of maximum reflectivity fields derived from the WRF model and meteorological radar.

do not exceed 0.5 and 0.3 for events >0.5 and 1 mm-10 min™ respective-
ly. Unlike these models, which are initialized at 0000 UTC, they suffer
from very low prediction skills. The same applies to IFS and ERAS runs
initialized at 1200 UTC.

The performance diagrams for wind gust events are presented in Figure
14. All models, except ERAS initialized at 1200 UTC, are located near
CSI = 0.4 isoline for weaker wind gust events, but GDAS and GFS have
the lowest false alarm ratio. Stronger wind gust event predictions are worse,
with the highest skill provided by the GDAS and GFS simulations initial-
ized at 1200 UTC. The least skill is found for ERAS predictions initialized
at 1200 UTC and for both events.

5. CONCLUSIONS AND DISCUSSION
In this paper, we present a detailed verification of various WRF simula-
tions that differ in initial and boundary conditions. As a case study, we

chose the derecho event of 11 August 2017 that, was one of the most in-

tense and devastating hazardous phenomena in recent years in Poland. We
performed high-temporal (10 minute) and spatial resolution (0.5 km for
the third domain) simulations with initialization at 0000 and 1200 UTC.
As boundary and initial conditions, we used a suite of global models.
The bow echo feature was clearly seen in GFS- and IFS-based simulations
initialized at both times, and GDAS initialized at 1200 UTC. Simulations
performed using ERAS data produce maximum reflectivity fields that are
very different from those observed. The characteristic bow echo structure
was visible in ERAS simulations started at 0000 UTC, but the MCS was
evolving too fast and only in the western part of the domain. The observed
event was also reconstructed by other simulations initialized at that time.
Simulations based on ERAS at 1200 UTC show the field scattered
throughout the domain. The closest to observed evolution of the bow
echo structure was obtained from the results of GFS- and GDAS-based
simulations started at a later initialization time. The results of all simula-

tions were evaluated against surface observational and radar data. The best
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Fig. 11. Taylor (left) and target (right) diagrams showing model-to-observation statistics for temperature at 2 m.
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Fig. 12. Taylor (left) and target (right) diagrams showing model-to-observation statistics for wind speed at 10 m.

skill was found for GFS- and GDAS-driven simulations and shorter
lead times. For the same time, ERAS-based results were characterized
by the worst predictions. Middle-ranking IFS-driven runs show a similar
dependence on lead time. This finding can be confirmed by the daily cy-
cle for the RMSE signal found by Ylinen et al. (2020) for the temperature
forecasts of the IFS ensemble prediction system for Europe. Goutham
etal. (2021) found a similar correlation for the surface wind but a smaller
RMSE for the IFS model. For the 0000 UTC initialization, all models
predicted a more westward phenomenon than the actual case. The 1200
UTC simulations look better in this respect, which was also found
by Taszarek et al. (2019). Although the GDAS and GFS models were
the best predictors of the location of the derecho, all models were char-
acterized by a low probability of detection and a high number of false
alarms forecasting extreme precipitation and wind gusts. The study
by Gevorgyan (2018) also shows that exact prediction of extreme con-
vective events is a hard challenge and WRF simulations are very sensitive

to chosen microphysics and forcing data.
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APPENDIX

Temperature at 2m
Simulation start: 00:00 UTC, 11th August 2017
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Fig. Al. Temperature at 2 m derived from the WRF between 1800 and 2200 UTC with various initial conditions: GDAS, GFS, IFS, ERAS5M (model levels),
ERASP (pressure levels). Forecast start: 0000 UTC, 11th August 2017.
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Temperature at 2m
Simulation start: 12:00 UTC, 11th August 2017
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Fig. A2. Temperature at 2 m derived from the WRF between 1800 and 2200 UTC with various initial conditions: GDAS, GFS, IFS, ERAS5M (model levels),
ERASP (pressure levels). Forecast start: 1200 UTC, 11th August 2017.
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Fig. A3. Mean error (bias) of air temperature (at 2 m) derived from the WRF model and from in situ observations at meteorological stations.
Only data between 1700 and 2400 UTC were analyzed. 75
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Fig. A4. Root mean square error (RMSE) of air temperature (at 2 m) derived from the WRF model and from in situ observations at meteorological stations.
Only data between 1700 and 2400 UTC were analyzed.
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Temperatue at 2 m Correlation (R)
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Fig. A5. Correlation of air temperature (at 2 m) derived from the WRF model and from in situ observations at meteorological stations.
Only data between 1700 and 2400 UTC were analyzed.
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Wind gusts at 10m
Simulation start: 00:00 UTC, 11th August 2017
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Fig. A6. Wind gusts at 10 m derived from the WRF between 1800 and 2200 UTC with various initial conditions: GDAS, GFS, IFS, ERASM (model levels),
ERASP (pressure levels). Forecast start: 0000 UTC, 11th August 2017.
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Wind gusts at 10m
Simulation start: 12:00 UTC, 11th August 2017
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Fig. A7. Wind gusts at 10 m derived from the WRF between 1800 and 2200 UTC with various initial conditions: GDAS, GFS, IFS, ERA5M (model levels),
ERASP (pressure levels). Forecast start: 1200 UTC, 11th August 2017.
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Fig. A8. Mean error (bias) of wind speed (at 10 m) derived from the WRF model and from in situ observations at meteorological stations.
Only data between 1700 and 2400 UTC were analyzed. 79
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Fig. A9. Root mean square error (RMSE) of wind speed (at 10 m) derived from the WRF model and from in situ observations at meteorological stations.
Only data between 1700 and 2400 UTC were analyzed.
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Fig. A10. Correlation of wind speed (at 10 m) derived from the WRF model and from in situ observations at meteorological stations
80 Only data between 1700 and 2400 UTC were analyzed.
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Fig. A1l. Accumulated precipitation derived from the WRF between 1800 and 2200 UTC with various initial conditions: GDAS, GFS, IFS, ERA5M
(model levels), ERASP (pressure levels). Forecast start: 0000 UTC, 11th August 2017.
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Accumulated precipitation
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Fig. A12. Accumulated precipitation derived from the WRF between 1800 and 2200 UTC with various initial conditions: GDAS, GFS, IFS, ERAS5M
(model levels), ERASP (pressure levels). Forecast start: 1200 UTC, 11th August 2017.
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Fig. A13. Critical success index (CSI) of precipitation events > 0.5 mm-10min-1 derived from the WRF model and from in situ observations at meteorological

stations. Only data between 1700 and 2400 UTC were analyzed. 83
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Fig. A14. Critical success index (CSI) of precipitation events > 1 mm-10 min-1 derived from the WRF model and from in situ observations at meteorological

stations. Only data between 1700 and 2400 UTC were analyzed.
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Wind gusts > 5 m/s critical success index (CSI)
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Fig. A15. Critical success index (CSI) of wind gust events > 5 m-s-1 derived from the WRF model and from in situ observations at meteorological stations.

84 Only data between 1700 and 2400 UTC were analyzed.
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Fig. A16. Critical success index (CSI) of wind gust events > 10 m-s-1 derived from the WRF model and from in situ observations at meteorological stations.
Only data between 1700 and 2400 UTC were analyzed.
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Fig. A17. Maximum reflectivity derived from the WRF between 1800 and 2200 UTC with various initial conditions: GDAS, GFS, IFS, ERA5M (model levels),

ERASP (pressure levels). Forecast start: 0000 UTC, 11th August 2017. For comparison, data from meteorological radar are presented at the top.
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Fig. A18. Maximum reflectivity derived from the WRF between 1800 and 2200 UTC with various initial conditions: GDAS, GFS, IFS, ERA5M (model levels),
ERASP (pressure levels). Forecast start: 1200 UTC, 11th August 2017. For comparison, data from meteorological radar are presented at the top.
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ABSTRACT. On average, a derecho occurs once a year in Poland while bow echoes happen several times per year. On 11 August 2017, severe meteorological
phenomena were observed in Poland, including extremely strong wind gusts. We focused especially on the convective windstorm of a derecho type which
occurred on that date in northern and north-western Poland. A rapidly moving mesoscale convective system (MCS) resulted in a bow echo, a mesoscale
convective vortex (MCV), and finally fulfilled the criteria for a derecho. To establish whether our operational models in the Institute of Meteorology and Water
Management, National Research Institute (IMGW-PIB) could reproduce a derecho of such intensity as that of 11 August 2017, the results from two mesoscale
numerical weather prediction models were analyzed. The Application of Research to Operation at Mesoscale (AROME) and the ALADIN & AROME (ALARO)
models were applied in the non-hydrostatic regime. We also examine how models differ with respect to mesoscale convective system drivers (such as vertical
wind shear and convective available potential energy) and representation of deep convection (e.g., vertical velocities, cold pool generation). Forecasts are
compared with observations of wind gusts and radar data. Severe weather phenomena, such as rear inflow jet and cold pool, were predicted by both models,
visible on the maps of the wind velocity at 850 and 925 hPa pressure levels and on the map of air temperature at 2 m above the ground level, respectively.

Relative vorticity maps of the middle and lower troposphere were analyzed for understanding the evolution of MCV.
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1. INTRODUCTION

Early forecasting and warning about the possibility of severe convective phe-
nomena, such as mesoscale convective system (MCS), mesoscale convective
vortex (MCV), rear inflow jet (RI]), can be supported by mesoscale numer-
ical weather models with kilometer-scale resolution (Baldauf et al. 2011;
Seity et al. 2011; Powers et al. 2017). Compared to global models, limit-
ed-area models have the advantage of providing more realistic representation
of small-scale phenomena. However, in some convective situations they are
still subject to imperfections (Bouttier, Marchal 2020; Schumacher, Rasmus-
sen 2020).

Severe thunderstorms accompanied by strong wind gusts, intense pre-
cipitation, hail, and even tornadoes occur every summer in central Europe.
In Poland, such phenomena are most frequent in July, between 14 and 16
UTC and over the southeastern parts of the country (Porgba et al. 2022).
Well-organized storm complexes, which create their own internal circula-
tion and require stronger environmental wind shear, are called mesoscale
convective systems (MCS). One of the first attempts to investigate mor-
phological and precipitation archetypes of MCSs over Poland was present-
ed by Surowiecki and Taszarek (2020). They studied which fraction of ac-
tive MCS are Quasi-Linear Convective Systems (QLCS), and how often
in QLCS the bow echo emerges. The conclusion is that bow echoes appear
in 72% of QLCS, and QLCS in 17% of MCS. On the other hand, only
3.5% of MCS were associated with MCV. The squall bow (radar signature
of bow echo) happens a few times a year in Poland, whereas its more danger-
ous version, derecho, happens once per year on average (Celiniski-Mystaw,
Matuszko 2014; Celiriski-Mystaw et al. 2019). In the paper of Gatzen et al.
(2020), the average frequency of derechos in Germany was estimated to be
about 2 each year. Studies of convective windstorms in Europe, based on cli-
matological data and reports from the European Severe Weather Database
(ESWD) indicates that only 10% of convective windstorms were associated
with bow echoes (Pacey et al. 2021).

The evolving convective system observed on 11 August 2017 ful-
filled criteria for a derecho, with observed maximal wind gusts exceeding
42 m-s" (150 km-h"; Taszarek et al. 2019) and was accompanied by a Me-
soscale Convective Vortex (MCV). In northwestern Poland huge material
damages were reported, including almost 80,000 ha of devastated forest
and 6 fatalities (Chmielewski et al. 2020).

Detailed analysis of radar data from 11 August 2017 (using composite
maximum reflectivity and radial velocities) confirmed the presence of MCV
within the mature stage of MCS (Taszarek et al. 2019; Figurski et al. 2021;
Euszczewski, Tuszyriska 2022). The MCV occurs within surface frontal zones
with large temperature and moisture gradients across the environmental
vertical shear vector (Davis, Trier 2007). Raymond and Jiang (Walter 2016)
idealized MCVs as balanced mid-tropospheric potential vorticity anomalies
and postulated that the lifting associated with potential vorticity anomalies
in vertical shear may explain some cases of MCS longevity. Placement and evo-
lution of the MCV is presented on relative vorticity maps (Fig. 8).

Typical for MCS is also a presence of a cold pool which emerges under
strong convection zone and closely behind it, in an area of higher pressure
(Fujita 1960). The cold pool is an area of cold air near the ground created
by a downdraft and a loss of heat due to evaporation of rain (Charba 1974).
It contributes to creation of new convective cells and supports a squall line
(Goff 1976; Droegemeier, Wilhelmson 1985). At the back of the MCS,
a current called Rear Inflow Jet (RIJ) can emerge, blowing perpendicularly
to a squall line, in agreement with the direction of MCS movement (Houze
2004). It helps to deliver cool and dry air from middle layers of the tropo-
sphere (around 500-700 hPa) to the ground (Glickman 2000).
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During the past few decades numerous developments in physical parameter-
izations and data assimilations have been applied to more precise model predic-
tions of mesoscale convective windstorms (e.g. Brousseau et al. 2016; Tao et al.
2016; Wimmer et al. 2021). In a crucial study, Weisman et al. (2013) described
aderecho in the United States using the Advanced Research core of the Weather
Research and Forecasting model (WRF-ARW)) with spatial resolution of 3 km
x 3 km and the explicit convection-permitting algorithm. Dixon (2016) tested
capabilities of data assimilation for improving model forecasts at horizontal grid
sizes of 10 km x 10 km and 4 km x 4 km when predicting the derecho situa-
tion of 29 June 2012 in Utah. Because the event of 11 August 2017 in Poland
caused huge material damage, it has been the subject of studies by many research
groups. Taszarek et al. (2019) is one of the most significant review papers related
to the 11 August 2017 derecho, in which the NWP, synoptic, and radar con-
texts are thoroughly described. Tropospheric parameters during that day were
also analyzed with global navigation satellite systems (GNSS) to estimate pre-
cipitable water vapor (PWV) (Nykiel et al. 2019). The study has proven it pos-
sible to monitor the derecho event with GNSS. Another study (Figurski et al.
2021) aimed to assess the impact of initial and boundary conditions on severe
weather simulations using a high-resolution WRF model with four global model
predictions. The study indicated that the best forecast was obtained using initial/
boundary conditions from the National Centers for Environmental Prediction
(NCEP) Global Data Assimilation System (GDAS) and Global Forecasting
System (GFS) models at 12 UTC, while using the ERAS (Hersbach et al. 2020)
data gave the predictions least consistent with the observations of the maximum
reflectivity fields (Figurski et al. 2021).

The research reported here was undertaken to assess quantitatively differ-
ent configurations of ALARO and AROME models for the derecho of 11
August 2017. We have verified how different initial and boundary condi-
tions affect the quality of simulations by using two non-hydrostatic models,
ALARO and AROME. Studies were also designed to estimate which me-
teorological fields (e.g., wind gusts, CAPE, 0-3 km wind shear) would be
appropriate for prediction of such phenomena.

All the analyses of the forecasts of severe weather phenomena (related
to wind gusts) by ALARO and AROME refer to the forecasts for 11 August
2017. Both models were computed for 3 sets of different initial conditions:
00 UTC (from now on, r00 run), 06 UTC (r06 run) and 12 UTC (r12).
In Section 2, the synoptic context of the 11 August 2017 derecho is de-
scribed; data and methods are presented in Section 3. The results (mainly
forecast maps and their description) can be found in Section 4. Section
5 is their discussion and Chapter 6 presents general conclusions. The last

Section 7 contains summary and outlook.

2. SYNOPTIC SITUATION

The synoptic situation which led to the storm on 11 August 2017 is de-
scribed in the paper of Wrona et al. 2022 (see also Figurski et al. 2021).
From 9 August 2017, warm and moist tropical air was advected over central
and eastern Poland and persisted for several days. In the meantime, cold,
polar-maritime air lingered above Germany. At the level of 850 hPa the tem-
perature difference between the air masses reached 10 C. The temperature
gradient was visible also on the prognostic maps of the ALARO model
(Fig. 1). This gradient was gradually increasing due to frontogenesis over
the western border of Poland.

Developing storms in a warm air mass before a waving front (Fig. 2) trans-
formed from single cells and disorganized multi-cell systems into super-
cells and coalesced into the largc MCS (Taszarek et al. 2019; Luszczewski,
Tuszyniska 2022). Then a quasi-linear-convective-system (QLCS) developed

and finally turned into a strong bow echo and MCV. The radar signature
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Fig. 1. The ALARO NH forecast for rOO run at 15 UTC on 11 August 2017. On the left panel, the temperature at the 850 hPa pressure level; on the right panel,

jet stream and pressure at the height of 11 km (ICAO tropopause).

\ 1022

\ Analiza synoptyczna: 2017-08-11 godz. 12 UTC
=2,/ IMGW-PIB, CBPM Krakéw Opracowanie: Grzegorz Mikutel

Fig. 2. The synoptic situation on 11 August 2017, 12 UTC. Credit: IMWM-NRI,
Central Office for Meteorological Forecasts, Krakow.

of the bow echo indicates the possibility of strong wind gusts in that area. We
checked that it corresponds with the maps of CMAX simulated by NWP
models (Fig. 7). Additionally, on the basis of vertical wind profiles from Prag,
Prostejov, and Wroclaw we reasoned the existence of a strong jet stream.

The velocities of wind gusts that exceeded 10 m*s” on 11 of August 2017,
as well as station names, are plotted on Figure 3. (The forecasted velocities
are plotted on the map in Figure 4b.) Colors refer to the following time
spans: 15:00-18:00 UTC (black), 18:00-21:00 UTC (red) and 21:00-24:00
UTC (blue), while velocities are expressed in m-s”. Stations marked with
stars are later used for quantitative evaluation of forecasted wind gusts.

The wind gusts approached from the southwest. Initially, high values were
recorded before 15 UTC on synoptic stations at Sniezka and Kasprowy
Wierch (not marked on the map). Then the zone of extreme wind values
moved to central Poland and then northwards. The top wind gust speed, 42

m-s”,was recorded in Elblag.

Fig. 3. Synoptic stations on which wind gusts exceeded 10 m-s-1on 11

of August 2017. Colors refer to the following time spans: 15:00-18:00
UTC (black), 18:00-21:00 UTC (red) and 21:00-24:00 UTC (blue). Stations
marked with stars are later used for quantitative evaluation of forecasted

wind gusts.

3. DATA AND METHODS

In the Center for Meteorological Modelling of the Institute of Meteorology
and Water Management — National Research Institute (IMGW-PIB), two
models of Aire Limitée Adaptation Dynamique Development International
(ALADIN) have been used operationally for nearly 3 years for numerical
weather prediction (NWP): Application of Research to Operation at Mesoscale
(AROME) and ALARO (ALADIN-AROME) in version cy43t2. Both
ALARO and AROME are the part of the Aladin System developed
by the international consortium ACCORD (ALADIN until November 2020)
and successors of the former ALADIN model (also used by the ALADIN
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Fig. 4. Cold pool from ALARO: a) temperature at 2 m AGL; b) atmospheric pressure and surface wind. The forecast for 21 UTC 11 August 2017, rOO.

Poland team). Both models in their earlier versions were used previously for
prediction of severe storms (Seity et al. 2011; De Meutter et al. 2015).

The ALARO is non-hydrostatic (contrary to its predecessor, ALADIN),
includes vertical accelerations in the equations of motion and has a shorter
time step than ALADIN. The current version of the model uses a 4 km x
4 km horizontal grid, 60 hybrid vertical sigma-levels (following the orog-
raphy) and has a forecast range of 72 h. Horizontally, the computing grid
had 789 x 789 points and the domain was 3156 km x 3156 km. The initial
and boundary conditions come from the global model ARPEGE in its cy42
version. The dynamical core of ALARO is based on fully compressible Euler
equations. The surface processes’ parameterization is based on the Interac-
tion Soil-Biosphere-Atmosphere (ISBA) module. The microphysics scheme
covers 6 types of hydrometeors: dry air, water vapor, suspended water, cloud
ice crystals, rain, and snow (Lopez 2002). Shallow convection is comput-
ed according to the TOUCANS scheme, and deep convection by Modular
and Mesoscale Microphysics and Transport (3MT, described by Gerard et al.
2009). For parameterization of clouds, the Cloud System Resolving Model
(CSRM) and deep convection model were used (Termonia et al. 2018).

The AROME model was implemented with a horizontal grid size
of 2 km x 2 km and 60 hybrid vertical levels (following the orography);
it is non-hydrostatic and assumed to represent convection explicitly. It em-
ploys 799x799 grid points and the domain size is 1630 km x 1630 km.
The forecast range equals 30 hours and one time step of integration is less
than 1 minute. The initial and boundary conditions are taken from ALA-
RO, which means that AROME is integrated after the end of ALARO
forecast computation. Coupling of AROME version cy43t2 with ALARO
occurs once every hour. The shallow convection scheme is described by Per-
gaud at al. (2009). Microphysics is parameterized by the three-phase ICE3
scheme, and the surface by the SURFEX module (Masson et al. 2013).
The parameterization of clouds is done statistically, and there is no param-
eterization of deep convection (Seity et al. 2013). Both of these configura-
tions were used in this study but were not available in 2017.

The fields used for the analysis of the situation include mesoscale driv-

ers of convective system (such as Convective Available Potential Energy;

CAPE, and vertical wind shear), deep convection related parameters
(e.g., vertical velocities and cold pools), as well as wind gusts, relative
vorticity, reflectivity CMAX, wind, and 2 m temperature. CAPE as used
in this study is the Most Unstable Convective Available Potential Energy
(MU-CAPE), which computation starts from the parcel at the most unsta-
ble model level defined by the largest theta-e value. Derechos are frequent-
ly associated with MU-CAPE values in excess of 3000 J-kg™ in the source
region (Evans, Doswell 2001). Coniglio and Stensrud (2001) have shown
that mid-level shear (0-3 km) helps to maintain deep convective systems
and that shear exceeding 15 m-s™ connected with sufficient instability may
lead to very severe storms with damaging wind gusts (Weisman at el. 2013;
Celiniski-Myslaw et al. 2019).

For quantitative evaluation of forecast wind gusts, data from three au-
tomatic weather stations were used: Gniezno, Grudziadz, and Starogard
Gdariski. These stations were situated on the track of the MCS. Since model
data were available hourly and data from stations were recorded every 10
minutes, for comparison we use maximum wind gust values from every hour.
We also computed root mean square errors (RMSE) and bias for ALARO
and AROME models for all synoptic stations in Poland (Table 1).

4. RESULTS
41. ALARO FORECAST OF CONVECTIVE
PHENOMENA
The possibility of large MCS with strong updrafts together with extreme
wind gusts (using ALARO forecast on 11 August 2017, at 18,21,22 and 23
UTC the same day and r00, r06 and r12 model runs) was analyzed.
Analysis of vertical velocity maps from ALARO (Fig. S) prove
that the convective phenomena were far more extended for r06 and r12
runs. Vertical velocities of convective upward motions cover a wider area,
and the maps show that strong, dominating upward motions (red) neigh-
bor on downward motions (blue) in many places. These dynamics reflect
a highly unstable atmosphere, with convective potential energy strengthened
by a warm tropical air mass which occupied eastern Poland. Strong upward

motions were visible up to the 300 hPa pressure level and persisted through
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Fig. 5. The forecast of vertical velocities [m-s'] at 925 hPa level for various runs (r00, r06 and r12) of ALARO on 11 August 2017.
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Fig. 6. MU CAPE [J-kg'], 0-3 km wind shear [m-s™] and pressure [hPa] + wind [m-s™] for NH version of ALARO, the forecast of 11 August 2017, rO0.
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Fig. 7. Forecasts of wind gusts of ALARO cy43t2 NH model from 11 August 2017, for various base runs (r00, rO6 and r12). The first column is radar reflectiv-
ity, CMAX, observed for 8 radar stations.
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Fig. 8. The forecast of MCV and RIJ. Wind (m-s™, vectors) and relative vorticity (s7, color) at the levels of 700, 850, and 925 hPa between 20 and 23 UTC.

ALARO r12 on 11 August 2017.
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Fig. 9. Wind and the module of velocity (color) at pressure levels of 850 (a) and 925 hPa (b); wind and the module of velocity (color) at 10 m AGL (c).

ALARO r12 forecast for 22 UTC, 11 August 2017.

the whole duration of MCS over Poland. The greatest forecasted velocities
of upward motions were for r12 run: 4.1 m-s' (21 UTC), 3.8 m-s' (22
UTC) and 3.2 m-s* (23 UTC). The highest predicted downward motion
was equal to —1.0 m*s™ at 21 UTC, also for r12 run.

The three columns of Figure 6 are maps of MU CAPE (left),
0-3 wind shear (middle) and MSLP + 10 m wind (right) for ALA-
RO r00 run; rows represent hours: 15 UTC (top), 18 and 21 UTC
(middle), and 22 UTC (bottom). We note that the MU CAPE values
atan early hour (15 UTC) are higher than at 21 and 22 UTC, the phys-
ical consequence of passage of the MCS. The values of wind shear re-
main high for all hours, but the position changes towards the northeast
later (21-22 UTC). MSLP and 10m wind from 18 UTC to 22 UTC
change in a very dynamic way as they reflect the cold pool evolution
(Fig. 7). In Figure 7, the observed radar column maximum reflectivity,

CMAX, is compared with the forecasted position of wind gusts of dif-

ferent model runs. All the model forecasts produce close positions
of the severe weather phenomena.

The ALARO r00 forecast underestimates the strength of wind gusts
but reflects well the position of the moving MCS (Fig. 7). The ALARO
r06 and r12 forecasts are late in comparison with observations, but still
the MCS track is well-predicted. As the MCS moved northwards,
the intensity of wind and convection increased, with culmination
after 18UTC and persistence until the late evening hours on 11 Au-
gust 2017. In each of the forecasts (Fig. 7) wind gusts velocity exceed
63 knots (32.4 m-s), with maximum local values of 55.49 m-s"' (21
UTC), 69.3 m-s* (22 UTC) and 43.78 m-s* (23 UTC) for run r12.
The shift in time of forecasted track position in comparison with
observations may be explained by the fact that for r06 and r12 there
was too little time to develop a derecho fully from the forecast initi-

ation. Such an effect (stronger for more complex phenomena) is met



in the forecast of cloudiness, deep convection, or storms and is called
spin-up. This means that a model needs some time to develop a full
range of weather phenomena from initial and boundary conditions.
Such time is dependent on the construction of a given NWP model.

During the analyzed period the MCV was accompanying the MCS.
The most developed MCV was forecasted by ALARO r12. Figure 8 presents
ALARO r12 wind and relative vorticity forecast at 700, 850, and 925hPa pres-
sure levels. The Figure shows the evolution of the mesocyclone (an area with
higher vorticity, with colors) movement and intensity between 18 and 23U TC.

In the case of r00, the less consistent structure of the convective sys-
tem has a form of two smaller vortices, whereas r06 prcdicts weaker in-
tensity of a single MCV (not shown here). According to ALARO rl2,
the vorticity of the MCV appears at 925 hPa level and then propagates
upwards, reaching 700 hPa level at 20 UTC (Fig. 8). In its culmination
(21 UTCQ) it stretches from S00hPa downwards, reaching top values
from 3.7:107% (500 hPa) to 6.6:10%s" (for 925 hPa). At that time,
in the high troposphere (at the 300 hPa level), directly above the MCV,
there is an increase of the geopotential, and rise of air pressure. After
21 UTC the vortex in the middle troposphere weakens, lasting longest
at 850 and 925 hPa levels.

Other phenomena accompanying MCS are RIJ and cold pool. All three
ALARO model runs predict RIJ, but its smallest intensity is predicted
by the forecast run from r00. The reason is that the MCS for that run was
less compact, with several smaller squall lines. R06 and r12 runs forecast-
ed the consistent structure, at the back of which we found strong current
in the direction of MCS motion (Fig. 8 for r12) which can be seen also for
20 UTC at pressure levels 700, 850, and 925 hPa. As it is a gradually de-
scending current, its length was greater at higher levels, and the shortest
was near the surface. This structure is well represented in the forecasts for 22
UTC (Fig. 9 for r12).

For ALARO, the cold pool forecast is most distinct for the r00 run.
We noticed it between 19 and 20 UTC on the map of temperature at 2 m
AGL, and we saw it at 21 UTC in the form of closed isotherms of cold-
er air (Fig. 4a). Despite the modest temperature contrast (2-4°C), the cold
pool is clearly imposed over the area of higher pressure near the ground
(Fig. 4b) closely behind the squall line, in the northwestern direction from
the low-pressure region, which overlaps the area of relatively high surface
temperatures. The area of lower temperature was also visible on the maps

of temperature at altitudes of 850 and 925 hPa (not presented).

4.2. AROME FORECAST OF CONVECTIVE
PHENOMENA

The AROME was created as non-hydrostatic, high-resolution (convective
scale) model for prediction of storms and torrential rain. It appeared to pre-
cisely describe a wider family of severe weather phenomena including bow
echoes, derechos, and tornadoes, as well as strong wind gusts connected
to these events (Seity et al. 2011).

The simulated maximum reflectivicy CMAX predicted by AROME
(and presented in Fig. 10) is higher than measured by radars, suggesting
a larger quantity of hydrometeors than in actuality. The bow echo (visible
on radar maps) is well reconstructed in the AROME forecasts. Also, the area
of lower reflectivity (appearing usually behind a squall bow) is visible, as well
as the eddy on the northern west end of the squall bow. For the r12 run,
the maps of simulated radar maximum reflectivity were in best agreement
with observed maximal reflectivity in terms of position and signal intensity
in dBZ. For the r00 run on 11 August 2017, the AROME model forecasted

strong wind gusts farther north than the CMAX measurements (reflectiv-

Using ALARO and AROME numerical weather prediction models for the derecho case on 11 August 2017
Marcin Kolonko, Matgorzata Szczech-Gajewska, Bogdan Bochenek, Gabriel Stachura, Piotr Sekuta

ity; Fig. 10). For the evening hours of this forecast run, the model predicted
maximum wind gusts over the Baltic Sea, which was not in agreement with
CMAX positions measured by the radar. The AROME r12 forecast under-
estimated wind gusts but reflected well the position of the moving MCS
(Fig. 10). The predicted wind gust velocity exceeded 63 knots (32.4 m-s?),
with maximum local values of 49 m-s* (20 UTC), 43 m-s* (21 UTC), and
47 m's" (22 UTC) for r12 (Fig. 10).

Figures 11 and 12 present the maps of severe weather indices, relative vor-
ticity, and wind for the AROME model.

Another severe weather phenomenon forecasted by AROME was a cold
pool. Despite a small temperature contrast, it is clearly visible on the maps
of 2 m temperature for the 21 UTC r12 run (Fig. 13a) and overlaps the area
of increased pressure (Fig. 13b) right behind the squall line. At the levels
of 925 and 850 hPa (not shown), one can notice a decrease of air tempera-
ture in that area. For the AROME 106 run a cold pool was not easy to notice.
In the middle and lower troposphere, at the back of the system, a strong in-
flux of air towards the squall line can be found (Fig. 12 for 700, 850 and 925
hPa, for r12). This RIJ was traced more clearly by the AROME rl2 run
than at r00 and r06. For r12, RIJ was most visible on the 21 UTC map (Fig.
14) in the area stretching close to the ground from the squall line up to about
100 km southwest from it, parallel to MCS movement. At the levels of 850
and 925 hPa (Fig. 14b), the zone of high wind speeds (exceeding 63.5 m-s™)
is more extended than for ALARO (Fig. 9).

Considering MCV, from 19 UTC at 850 hPa one can see a cyclonic curl
of wind, faintly visible also at 700 hPa (Fig. 12 for r12). It is accompanied
by alocal minimum of relative vorticity. For 20 UTC, the mesocyclone is vis-
ible also at 925 hPa (Fig. 14a). About 21 UTC the relative vorticity reaches
its peak of 1.6-10% (850 hPa) and an expansion of the high vorticity re-
gion follows (Fig. 12). After 22 UTC, according to the AROME forecast,
the MCS reaches Gdansk Bay and MCV vanishes because the Baltic Sea

is colder than Pomerania and the coast.

4.3. FORECAST EVALUATION

In order to better visualize the capability for forecasting wind gusts by ALA-
RO and AROME models, a quantitative verification is presented in Figure
15. Three stations that recorded high values of wind gusts were selected (sta-
tions are ordered from southernmost to northernmost): Gniezno, Grudziadz
and Starogard Gdanski. For both models and runs from 00,06 and 12 UTC,
wind gust forecasts are presented along with recorded values. All runs
and both models are characterized precisely by the timing of the greatest wind
gusts. For Gniezno station (Fig. 15 top row), the AROME model (green
line) performs better both in terms of timing and magnitude, but the max-
imum wind gusts are underestimated by almost 10 m-s”. The best forecasts
for Grudziadz (Fig. 15 middle row) are obtained from 12 UTC runs (Fig.
15 right column) with almost perfect timing and values for observed peak
wind gusts (blue line), especially for AROME forecasts, whereas the ALA-
RO model (red line) predicted the maximum value better, but one hour later
than observations. For the Starogard Gdariski station (Fig. 15 bottom row)
the forecasts from 12 UTC turned out to be the worst for both models, with
overestimation of wind gusts and forecasting them one (AROME) or two
hours (ALARO) late.

ALARO and AROME wind gust forecasts starting from 00, 06,
and 12 UTC were also compared with measurements from all synoptic sta-
tions in Poland. Table 1 presents RMSE and bias scores for both models.
The AROME model starting at 00 UTC outperforms other forecasts both
in terms of RMSE and bias. The biggest errors were noted for both models
for 12 UTC runs.
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uTC Radar CMAX Model CMAX 12 UTC start 12 UTC start 00 UTC
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Fig. 10. The CMAX and wind gusts forecasts from AROME cy43t2 on 11 August 2017, for different forecast bases (runs). The first column is CMAX from
the radar, based on observations from several radar stations. Color scale is valid for both radar and model CMAX maps.
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Fig. 11. MU CAPE [J-kg™], 0-3km wind shear [m-s™] and 500 hPa vertical velocity [m-s™] for AROME cy43t2 r12 forecast on 11 August 2017.
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Fig. 12. MCV forecast. The wind and relative vorticity (color) at the 700, 850 and 925 hPa levels for AROME cy43t2 r12 forecast on 11 August 2017.
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Fig. 13. Cold pool, AROME forecast: (a) 2 m temperature, (b) atmospheric pressure on the ground. The forecast for 21UTC 11 August 2017, r12.
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Fig. 14. Wind and the module of wind speed (color) on the map of 850 and 925hPa pressure levels (a and b); ¢) wind and the module of the wind speed
(color) at 10m AGL AROME forecast for 21UTC, 11 August 2017, r12.
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Fig. 15. Wind gust measurements (blue lines) and forecasts from ALARO (red lines) and AROME (green lines) models starting from 00 UTC (left), 06 UTC
(middle) and 12 UTC (right) for stations Gniezno (top row), Grudzigdz (middle row) and Starogard Gdanski (bottom row) for 11 August 2017 from 12 UTC

to 24 UTC.

Table 1. Evaluation of wind gust forecasts for all synoptic stations in Poland.

ALARO AROME
00 06 12 00 06 12
RMSE [m-s7] 5.56 5.37 741 519 6.21 7.88
BIAS [m-s] 181 29 37 0.42 2.26 4.03

It is not straightforward to evaluate models based on observational data
in the case of such an intensive phenomenon, and using forecasts up to 24
hours instead of reanalysis. Models can predict the behavior of an event ac-
curately, but with a small number of synoptic stations or coarse resolution
of gridded data, standard scores can be misleading. Therefore we decided
to evaluate the possibility of predicting the intensity of the derecho by ana-
lyzing the distribution of wind gusts in Poland (grid points from ALARO
and AROME models within the Polish border and over the Baltic Sea up

to 55.5 N) from various models and runs. Figure 16 presents the distribu-

tion of forecasts of wind gusts from 12 UTC to 24 UTC on 11 August
2017, with the AROME model on the top row and ALARO on the bot-
tom row. Runs for 00 UTC are displayed on the left column, 06 UTC runs
on the middle column, and 12 UTC runs on the right column. All runs for
both models predict very strong wind gusts, but the ALARO model for 12
UTC predicts values exceeding 60 m*s* at 22 UTC; ALARO from 06 UTC
predicts values slightly less than 60 m*s* at 24 UTC, while AROME runs

from 00 and 12 UTC predicted maximum wind gusts close to 50 m-s™.

5. DISCUSSION

Severe weather phenomena such as MCV, RIJ, and a cold pool were optimally
mapped by r12 of AROME. For the earlier runs (r00 and r06) the model fore-
casted the squall line slightly too far northeast (Fig. 10) and strong wind gusts
over a wider area than the AROME r12 forecast. Moreover, maximum wind

gusts (for the maps of Fig. 10) were shifted northwards, over the Baltic Sea.
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Fig. 16. Distribution of wind gust values in Poland for 11 August 2017 from 12 UTC to 24 UTC. AROME top row, ALARO bottom row, 00 UTC runs left

column, 06 UTC runs middle column, 12 UTC runs right column.

For the r00 forecast of ALARO, the location of the leading edge
of the strong wind gusts area was shifted by tens of kilometers to the north-
cast, compared to the position of higher radar reflectivity (Fig. 10). The dis-
crepancy is probably influenced by initial and boundary conditions for ear-
lier runs of ALARO

Mis-positioning of the event for the r00 and r06 runs occurs also in sim-
ulations from the WRF model done by Taszarek et al. (2019), however
the reported shift was towards the west. Additionally, one of their simula-
tions, which was based on initial conditions from GFS, suffers from an un-
derestimation of wind gusts, which is consistent with our results from
ALARO. Similar issues were confirmed for all considered sources of initial
conditions for the WRF model by Figurski et al. (2021). Both research
teams found the latest forecasts (r12) to be the most precise regarding
the position and the strength of the event. Taszarck et al. (2019) suggested
that this result might be an effect of a proper simulation of mid-tropo-
spheric cloud cover in a pre-convective environment, contrary to our find-
ings regarding ALARO.

The AROME forecast values of CAPE and 3-0 km wind shear (Fig.
11) were higher compared to those predicted by ALARO (Fig. 6). At 15
UTC the maximum value for MU CAPE from the AROME forecast
reached 5956 J-kg", while for ALARO it was 4669 J-kg". Until 21 UTC
for both models maximum CAPE values were decreasing, but still were
over 4000 J-kg". Wind shear in the 0-3 km layer from 15 to 21 UTC
has constantly high values (>35 m's” for ALARO and >45 m-s" for
AROME). The models predicted the greatest wind shear at 20 UTC:
ALARO 40.8 m-s' and AROME 48.3 m-s". The values of vertical ve-
locity at 500 hPa (Fig. 11, right column) were significantly higher for
the model using full deep convection equations, reaching 20 m-s* (18
and 20UTC) and 26 m-s* (19 UTC). For AROME, the strongest con-
vection regions at 925 hPa were very narrow and overlapped the conver-
gence lines of wind (not shown).

The evolution of the MCV is not predicted identically by both models.

6. CONCLUSIONS
Both ALARO and AROME models forecasted a mesoscale convective sys-
tem (MCS), a bow echo structure as well as MCV - a mesoscale convective
vortex. The fields, such as: pressure and wind, geopotential and wind, tem-
perature, as well as vertical velocity maps, CAPE and wind shear were valu-
able for the analysis of the atmospheric state. The maps of simulated reflec-
tivity (CMAX from ALARO, Fig. 7) visualize the path of the phenomenon
for evening hours on 11 August 2017, thus both the evolution of a structure
and a position of MCS. AROME model forecast from 12 UTC predicted
properly MCV, however the prediction of position of convective phenom-
ena like MCV (for AROME r00 and r06) was more misleading than for
ALARO.

One should be aware of necessity for forecasters to use better resolu-
tion maps which can be obtained by downscaling the most complex areas.
That seems to be the future but would be crucial in the process of immediate

diagnosis of the meteorological situation by the team of forecasters.

7. SUMMARY AND OUTLOOK

On 11 August 2017, the system of strong winds caused serious damage
and fatalities while passing through north-western Poland. The post-factum
weather forecast by the means of the presently available model, a non-hy-
drostatic one with 4 km x 4 km horizontal resolution (unavailable in 2017),
predicted wind gusts of velocity exceeding 150 km-h. In the past, there
were several papers confirming that enhancing accuracy of forecast can be
obtained by better model resolution (Bryan et al. 2003; Lean et al. 2008;
Brousseau et al. 2016; Squitieri, Gallus 2020). It would be valuable to explore
the weather system by AROME model with different initial and boundary
conditions or run models with higher horizontal and vertical resolution.
Such models could be a test version of AROME with horizontal resolution
1 km x 1 km and over 100 vertical levels, or ALARO with horizontal res-
olution of 2 km x 2 km. Operational run of higher resolution models may

help forecasters to predict future severe convective events more efficiently.
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ABSTRACT. On August 11, 2017, a violent convection phenomenon took place in northwestern Poland, i.e., a storm combined with intense rainfall and hurricane
winds. This paper presents an attempt to analyze this case by using the results of a numerical weather model, at grid spacings of 7 km, 2.8 km, and 0.7 km.
Various convective indicators were analyzed to assess the nature of the event. The key question the authors try to answer is: “To what extent, if any, did
a tenfold increase in resolution improve the quality of the numerical forecasts?” This question, however, has not been conclusively resolved. The most likely
cause of this event was a supercell rapidly moving from south to northeast. This supercell’s path has been mapped (qualitatively at least) by the Supercell
Detection Index at all resolutions used. As the resolution increased, the forecasted maximum gusts also increased from 25 m/s in the domain with a resolution
of 7 km to 35 m/s at a resolution of 2.8 km and up to about 50 m/s at the highest resolution of 0.7 km. A key conclusion is that the results of the model
at a resolution of 2.8 km are much closer to reality than at 7 km. This effect did not pertain to differences between the 2.8 km and 0.7 km models. The latter

increase in resolution did not significantly improve the quality of the forecast.
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Influence of computational grid resolution on the quality of forecasts of dangerous convection phenomena: a case study of August 11, 2017

1. INTRODUCTION

On August 11, 2017, roughly at 20:30 UTC, a very strong storm
passed over the Polish voivodeships of Kujawsko-Pomorskie and Po-
morskie, the effects of which are still being analyzed. Six people died,
and two were residing at the scout camp in Suszek. Many people were
also injured as a result of being hit by broken trees. More detailed in-
formation about the consequences of this event may be found in Ch-
mielewski et al. (2020).

As reported from synoptic weather forecasts and synoptic surface
maps published by the Polish Institute of Meteorology and Water
Management, National Research Institute (IMGW-PIB), on August 11
at 00:00 UTC, northwestern and western Poland were under the influ-
ence of a warm, wavy-shaped atmospheric front (Sulik, Kejna 2020).
During the day it changed its location slightly and moved to the north-
ern part of the country. The rest of Poland was under the influence
of the low-pressure system. The situation remained roughly un-
changed throughout the day. The western part of the country was
within the range of the cold atmospheric front. The center of the shal-
low low-pressure system was in western Germany. In the evening,
the western provinces were under the influence of an occluded front.
The southern regions were within reach of the cold front, and the cast-
ern ones were under the influence of the warm front.

On that day, as measured at synoptic stations in northern Poland,
the temperature first increased to >20°C (Torun 26.7, Szczecinek 23.2,
Elblag 23.9, Chojnice 23.6) at 18:00 UTC. Then, after the passage
of the storm, the temperature dropped sharply to 17-18°C (respective-
ly, Torusi 18.6, Szczecinek 17.8, Elblag 17.4, Chojnice 16.5) at 22:00
UTC, and remained practically unchanged for the rest of the day.
A maximum wind gust of 42 m/s was recorded at the synoptic station
in Elblag (about 115 km northeast of Suszek).

Fig. 1. Basic computational domain of the COSMO model with a resolu-

tion of 7 km x 7 km, 385x321 grid points (red square indicates the nested
domain 2.8 km x 2.8 km, 380x405 grid points, blue = nested domain

0.7 km x 0.7 km, 1140%1020 grid points). The big red diamond indicates
the location of Suszek (53.72N, 17.76E), small red squares are locations
of SYNOP stations as listed in Table 1; red stars are upper air sounding
stations as listed in Table 1.

! heep:// weathenu“gro.edu/ upperair/sounding.html

2 http://cosmo-model.org/content/model/documentation/core
P g
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The probability of occurrence of the unstable (convective) situation
was confirmed by the radio-sounding analysis, in particular, the atmo-
spheric sounding diagrams at 12:00 UTC from Legionowo, Wroctaw,
Leba, Greifswald, and Prostejov sounding stations (Table 1, Figure
1). All the data from sounding stations were collected in the archives
of the University of Wyoming'.

For example, the difference between Lifting Condensation Level
(LCL) and the Level of Free Convection (LFC) levels from the sound-
ing in Legionowo was rather small, less than 100 hPa, which may have

favored the development of convective phenomena.

Table 1. Locations of SYNOP (black) and upper air (red) stations,
common for domains in all model resolutions.

Station Longitude(degrees) Latitude (degrees) WMO Code
Gdarisk 18.933 54.333 12155
teba 17.533 54.750 12120
Elblag 19.433 54167 12160
Chojnice 17.533 53.717 12235
Ustka 16.867 54.583 12115
Lebork 17.750 54.550 12125
Hel 18.817 54.600 12135
Greifswald 13.400 54100 10184
Legionowo 20.970 52.400 12374
teba 17.533 54.750 12120
Wroctaw 16.980 51130 12425
Prostejov 17130 49.450 1475

Other soundings from Eeba, Wroclaw, and Greifswald also indi-
cated the occurrence of strong wind shear in the lower troposphere
and high wind velocities. In Eeba and Wroctaw, there were rap-
id changes in wind speed and direction in the lower troposphere.
In Greifswald, the wind direction in the lower troposphere changed
from 60 degrees at 12 m altitude to 200 degrees at an altitude of ap-
proximately 3 km asl. The difference between LCL and LFC (969
hPa and 955 hPa, respectively) was quite small, indicating the possi-
bility of intensive convective phenomena, which favor the formation
and development of storms. Moreover, most of the values of basic
convective indices like the Lifted Index, Total Totals Index, or Show-
alter Index from the soundings suggested a very unstable atmosphere
with the possibility of the occurrence of dangerous phenomena such
as storms, supercells, and, eventually, tornadoes (University of Wyo-
ming Webpage, sce also Sulik, Kejna 2020). An overlap of strong ver-
tical wind shear and these kinds of instabilities can support organized
convective modes such as supercells and squall lines (Thompson et al.
2012). A detailed description of the genesis of this particular event
was presented by Taszarek et al. (2019).

This paper presents an analysis aimed at answering the question
of how the COSMO? numerical model running at different resolutions
predicted the occurrence and features of the mesoscale convective sys-
tem of August 11, 2017. Another equally important issue to analyze

was to what extent increasing the resolution and, consequently, the ex-
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tension of the computation time, improved numerical forecasts, espe-
cially the forecasts of intense convective phenomena.

Previous studies on the effect of resolution enhancement on convec-
tion parameterization found that the sensitivity of parameterized con-
vection and large-scale precipitation to resolution results from an in-
crease in the value of vertical velocities (Hcrrington, Reed 2017,2020).
However, the improvement of forecasts, especially forecasts consider-
ing strong convective phenomena with the increase in resolution, was
not so obvious. It has been found (Potvin, Flora 2015; Sun et al. 2021)
that increasing the horizontal resolution does not necessarily improve
the description of convection, and for operational purposes related
to storm forecasts and warnings, the 2-3 km grid spacing seemed to be
sufficient.

We do not attempt to explain the causes of intense convective phe-
nomena at kilometer and sub-kilometer scales. The aim of this research
is to determine to what extent models with finer resolution can be used
in synoptic practice. An additional question was whether it is worth
using such models to support decisions on warnings, even at the cost
of a significant increase in calculation time.

The genesis, course, and effects of such events showed that the de-
velopment of appropriate tools to predict and estimate the intensity

of such phenomena could be very important.

2. METHODOLOGY

In this work, the authors used numerical forecasts in nested domains
with the COSMO model working successively at grid spacings of 7 km,
2.8 km, and 0.7 km. The nested domains in the cascade are shown
in Figure 1, along with the marked location of Suszek, SYNOP stations,
and sounding stations. The input data and initial/boundary conditions
(IC/BC) for the model with horizontal grid spacing equal to 7 km were
obtained using the results of the global ICOsahedral Non-hydrostat-
ic model (ICON; Zingl et al. 2015). ICON’s native grid resolution
is 13 km. In the vertical, the model defines 90 atmospheric levels up
to the maximum altitude of 75 km. In the sequence of calculations,
the results of the COSMO model in 7 km resolution were used as [C/
BC for calculations in 2.8 km resolution, which in turn were the source
of IC/BC for calculations at 700 m resolution. In addition, an import-
ant difference in the description of convection processes at different
resolutions was the use of the deep convection scheme at a resolution
of 7 km and the shallow convection scheme (2.8 km, 0.7 km), both
based on Tiedtke’s scheme (Tiedtke 1989). All the parameterizations
included in the COSMO model were described in its documentation
(see COSMO webpage in references, model version 2018). Brief infor-
mation on model settings is as follows (see also Duniec et al. 2017 for
operational setup):

e model version 5.05, February 2018;

e non-hydrostatic core;

o 40 vertical levels (in all resolutions);

e model maximum altitude 22 km;

e time horizon of forecast 24 hours;

o time steps 40, 15, and 5 seconds for 7, 2.8, and 0.7 km, respectively;

At each resolution, forecasts of the fields of the following meteoro-
logical elements and indicators were calculated:
. Supcrccll Detection Index (SDII/SDIZ; Baldauf, Seifert 2008);
e Maximum windspeed at 10 m above ground level (VMAX at 10 m
agl., COSMO webpage);

e Radar reflectivity (see below);
e Storm Relative Helicity 0-3 km (SRH; Markowski et al. 1998);
e Vertical component of vorticity (Dahl et al. 2014).

Of the above quantities, VMAX, and reﬂectivity (un-attcnuatcd,
in Rayleigh approximation) values were obtained as Direct Model Out-
put (DMO, COSMO webpage for documentation), while the others
were derived as a result of post-processing of standard model resules
(wind speed and direction, atmospheric pressure, temperature, etc.).
In turn, reflectivity observation data were available as HDFS5 files
in spatial resolution of 1 km, i.c., approximately 0.008 degrees (lati-
tude) x 0.01 degrees (longitude at S0°N). The observed reflectivity
values have been transferred to a common grid. Namely, for compari-
son and verification, the observational rcﬂcctivity data have been trans-
ferred to the 7 km grid (considered the basic one) along with the corre-
sponding data from the forecasts in resolutions of 2.8 and 0.7 km (and,
of course, at 7 km).

Due to the large volume of the material, other convection-related
quantities and parameters, although computed, were not included
in this work.

At each spccificd resolution, numerical forecasts for a spccific date
could be obtained by selecting the starting moment and a sufficiently
long forecast time horizon. Thus, if one set the starting point of the fore-
cast, for example, on August 10, 2017, at 00:00 UTC, the time hori-
zon should not be shorter than 48 hours (until 00:00 UTC, August
12, 2017). By shifting the starting point forward with a time step
of six hours, it would be possible to shorten the length of the forecast
by an appropriate period. The “latest” runs might start at 18:00 UTC
on August 11,2017, with a corresponding forecast horizon of six hours.
This procedure resulted in a set of eight increasingly shorter forecasts,
cach of which could provide information on the state of the atmo-
sphere during the period of interest, i.c., between 20:00 and 21:00
UTC on August 11, 2017. However, the results of these subsequent
forecasts were inconsistent in the sense that they changed along with
the change in the starting point of the model. For this reason, the au-
thors limited the entire analysis to three 24-hour runs of the model
at all resolutions, starting at 00:00 and ending at 12:00 UTC.

The calculation results (forecasts) changed as the result of two
factors. First, there were successive changes to the initial conditions
(the closer to the date in question, the newer initial data could be
used, from which a supposedly more accurate forecast could be gen-
erated). Second, there was a shorter time interval between the spin-
up of the model (see e.g. Bonekamp et al. 2018) and the occurrence
of the phenomenon under consideration. Therefore, a balance had
to be Establishcd betwecn the inﬂuencc Of thCSC two Clemﬁnts to as-
sess which of the two factors influenced the results more significantly

and positively.

3. RESULTS AND DISCUSSION
It should be emphasized that in addition to the studies presented be-
low, concerning issues and quantities related to convection, the authors
also assessed the quality of forecasts of the atmosphere’s state in terms
of basic parameters, such as temperature at 2 m agl or wind speed at 10
m agl, as measured at synoptic stations.

The latter quantities may be the subjcct of separate work,
but in this study, they only provide arguments about the quality

of the model results at the spccificd resolutions, because thcy do not
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Fig. 2a. Reflectivity, maximum hourly values. Left to right: the actual reflectivity image (POLRAD network); reflectivity forecasts at 7 km resolution, model
runs starting at 00:00, 06:00, and 12:00 UTC, August 11, 2017. Time markers added for the forecast started at 06:00 (see explanations in text).
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Fig. 2b. Reflectivity, maximum hourly values. Left to right: the actual reflectivity image (POLRAD network); reflectivity forecasts at 2.8 km resolution, model
runs starting at 00:00, 06:00, and 12:00 UTC, August 11, 2017.
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Fig. 2c. Reflectivity, maximum hourly values. Left to right: the actual reflectivity image (POLRAD network); reflectivity forecasts at 0.7 km resolution, model
runs starting at 00:00, 06:00, and 12:00 UTC, August 11, 2017.
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Fig. 3. Reflectivity (radar image, source: IMWM-PIB; top panel)

and the forecast of the radar image based on the model results in resolu-
tions (top to bottom) 7.0 km, 2.8 km, 0.7 km, from 18:00, 20:00 and 22:00
UTC (left to right). Model run start 00:00 UTC. See explanations in the text.

define either the nature or the intensity of convective phenomena,
the main subjects of this study. In general, every model run that ex-
tended from 00:00 UTC to 12:00 UTC gave a similar quality forecast
and did not differ significantly at practically all resolutions, except
maybe for the 0.7 km resolution run at 12:00 UTC.

The key issue here is, however, that the comparison of forecasts
and actual images of radar reflectivity (resolution of 1km, POLRAD
network; Euszczewski, Tuszyniska 2022) showed that the carlier runs,
from 00:00 UTC until 06:00 UTC on August 11, predicted the begin-
ning and development of the phenomenon too west, compared to ob-
servations (Figures 2a-c). This conclusion agrees with other studies
(Taszarek et al. 2019). One exception is the forecasts with a resolu-
tion of 2.8 km at 06:00 UTC. In this situation, according to fore-
casts, the phenomenon started too far west, but the speed of the sys-
tem’s movement was so great (in fact, greater than reality and much
greater than, for example, the launch of the model at 12:00 UTC)
that it reached the Bay of Gdansk sooner than in the actual situation.
This example is presented in Figure 2b, with the time stamps added
to observations and this particular forecast.

In Figure(s) 2 (left panes, the actual radar images) it can be
seen that the bow echo (for detailed information about structures
of this kind see Celinski-Mystaw et al. 2020 or Surowiecki, Tasza-
rek 2020) formation started at around 17:00 UTC, which is shown
with the southernmost arrow (labeled as “Formation”). This and sub-
sequent (from the bottom to the top of the Figure) arrows in charts
of reflectivity forecasts correspond to the areas and structures identi-
fied in the study of Taszarek et al. (2019), and labeled as “Downdraft”,
“Bow Echo” and “Vortex”. However, this recognition and comparison
were made only qualitatively (through the visual similarity of the im-
ages of subsequent structures) rather than quantitatively, via direct
reflectivity values. A similar procedure, i.e., qualitative recognition

of structures identified in the actual radar area, was used for Figure 5.
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Fig. 4. Reflectivity, observations vs. forecasts. Top to bottom: Mean Abso-
lute Error, Root Mean Square Error, Pearson’s correlation coefficient for
resolution 0.7 (red line), 2.8 (green line), and 7.0 km (blue line). The results
of the forecast run started at 12:00 UTC.

Figure 3 shows a comparison of the radar reflectivity (from 18:00
to 22:00 UTC in 2-hour intervals) with the forecasts of the radar im-
age at three model resolutions. The comparisons are rendered strict
and quantitative by assessing compliance with the observations (POL-
RAD network) of the model results using MAE, RMSE, and Pearson
correlation coefficients calculated for the common area of all three
model domains, i.e., the entire model domain with a resolution
of 0.7 km (see Figure 1).

The values of the model forecasts for maximum reflectivity, based
on the forecasts that started at 6:00 and 12:00 UTC with a resolu-
tion of 7 km, agree well with the actual values (see e.g., Figure 2a).
The areas of maximum reflectivity occur at a certain distance from
the location of the scout camp in Suszek. The maximum reflectivity
is best represented by the forecast starting at 12:00 UTC, but also
in this case the maximum values are shifted to the southeast and north-
west of Suszek. In the model started at 00:00 UTC, the predicted

peak reflectivity is shifted to the north. Similar maximum reflectivity
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Fig. 5. Maximum reflectivity with 1 h step. Left to right: image from the POLRAD network; forecasts based on the model results at resolution 0.7km, 2.8 km,

and 7.0 km from 12:00 to 22:00 UTC. The arrows indicate the structures identified in the actual radar image and the corresponding areas obtained from

the reflectivity forecasts. Formation = suggested location of formation of supercell; Downdraft = rear flank downdraft, strong outflow; Bow Echo= structure

of bow echo accompanied with rear inflow; Vortex = convective vortex.

forecasts were obtained from the model with a resolution of 2.8 km
(Figure 2b), the most accurate of all the model runs initiated at 06:00
and 12:00 UTC. The forecast obtained from the model started
at 12:00 UTC shows a characteristic bow with increased reflectivity
north of Suszek. In contrast, in the forecast starting at 00:00 UTC,
the predicted reflectivity is shifted to the west, and no significant vor-
ticity was found in this area of interest (Figures 9 and 10). Analogous
conclusions can be drawn from the analysis of the maximum reflectiv-
ity forecast obtained with a resolution of 0.7 km as shown in Figure 2c.
The forecasts of maximum reflectivity values are closest to reality for
model runs starting at 06:00 and 12:00 UTC. Similarly to the mod-
el forecast with a resolution of 2.8 km, obtained from the run from
00:00 UTC, the area of the maximum reflectivity value did not include
the Suszek region. In forecasts for runs starting at 06:00 and 12:00
UTC, the area of maximum reflectivity covers the area where dan-
gerous phenomena occurred. Figure 2¢ shows the characteristic high
reflectivity (bow-shaped echo) that has passed through this region.
Comparing the reflectivity predictions obtained from the model with
resolutions of 0.7, 2.8, and 7 km with the reflectivity values obtained
from the radar showed that the reflectivity values were best predicted
by the model with resolutions of 2.8 and 0.7 km (Figures 4 and 5).
The analysis of the maximum reflectivity in one-hour steps showed
that the characteristic bow echo structures are best represented with
the forecast from the model with a resolution of 0.7 km.

All these differences and all the arguments listed above allow
for an informed decision that the forecasts starting at 12:00 UTC
on August 11, 2017 would be used for further research as the closest
to the actual development of the situation. Hence, unless specifically
stated, results, description(s), and discussion will pertain to the fore-
cast starting at this hour.

The results presented in Figure 4 allowed for the following conclu-
sion: increasing the resolution from 7 km to 2.8 km significantly im-
proves the results. Comparing the results of the model at a resolution
of 7 km and 0.7 km also shows an improvement (as compared to ob-
servation), but not necessarily to the extent that one might expect.
This result is especially visible when MAE and RMSE are smaller for
2.8 km than for 0.7 km, although both resolutions gave significantly

better results than the model at 7 km resolution.

-iii-'w\_'.—

Fig. 6. Maximum values of wind speed at 10 m agl: forecast based
on the model results in resolutions (top to bottom) 7.0 km, 2.8 km, 0.7 km
from 18:00, 20:00, and 22:00 UTC (left to right).

It should be mentioned that there is quite an important conclusion,
worth repeating. Increasing the resolution to 0.7 km, at the cost of sig-
nificantly extending the computation time compared to the model
with a resolution of 2.8 km, did not significantly improve the results,
at least in terms of reflectivity values.

Figure S shows the development of structures identified (cf. Tasza-
rek et al. 2019) in the real radar image and all resolutions of reflec-
tivity forecasts. Even a rough analysis of the actual radar images
and the corresponding reflectivity forecasts indicated that an active
storm system with the bow echo structure has migrated over Poland
for more than four hundred kilometers. The end of the path was posi-
tioned, according to the reflectivity forecasts, in the area of the Gdansk
Bay around 23:00 UTC. This pattern is, in general, similar for
all resolutions. The following conclusion can be drawn from the qual-
itative comparison of the position of the maxima and the location
of the areas of increased reflectivity on radar images and the model
results in all resolutions. It can be concluded that this structure was

best captured (at least qualitatively, but not necessarily quantitatively)
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Wind gusts - observation vs. forecasts
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Fig. 7. Maximum values of wind speed at 10 m agl. Observations at Polish
SYNOP stations vs. forecasts, top to bottom, 18:00, 20:00, and 22:00 UTC.
Blue diamonds are model results for resolution of 7 km: green squares for

2.8 km, and red triangles for 0.7 km.

as a result of calculations using a meteorological model with a resolu-
tion of 0.7 km, considering the location(s) related to the time(s) of oc-
currence of the maximum reflectivity values. This thesis was confirmed
by the following figures presenting forecasts (in the same period)
of VMAX and SDI1.

Considering the forecast maximum wind speed (Figure 6) and mea-
surements at the SYNOP stations in the study area (Suszek-Chojnice)
it should be stressed that while the highest wind speed occurred near
Suszek around 20:30-21:00 UTC, Figure 6 shows that the simulations
predict an equally strong wind throughout the entire period shown.
This qualitative compliance is also valid for data from the Elblag station
(WMO Code 12160), where wind gusts of up to 42 m/s were recorded
around 22:00 UTC, that is, after the incident in Suszek. Model simula-
tions showed the maximum VMAX wind speed for Elblag ranged from
25 m/s for calculations at a resolution of 7 km, to >35 m/s for a resolu-
tion of 2.8 km, to >50 m/s at a resolution of 0.7 km. However (see Fig-

ure 7), models in all resolutions, compared to measurements at SYNOP

stations, rather tended to underestimate the values. This effect occurs
for all stations considered, as listed in Table 1, except WMO 12155
in Gdansk (located over Gdansk Bay), for which the VMAX values are
overestimated. Perhaps this is because the intensity of the phenomenon
decreased after reaching the coast, which was not reflected in the mod-
el results. High wind speed values are best represented in the 2.8 km
model runs for 20:00-21:00 UTC. With the 2.8 km resolution model,
the predicted wind speed values were lower than for the 0.7 km version
(see Figure 6).

The distribution of the SDI1 values was the most consistent
with the actual distribution of dangerous convective phenomena,
shown by radar images, based on which it was possible to estimate
the potential trajectory of these phenomena with resolutions of 2.8 km
and 0.7 km. In the 7 km model, high SDI values were forecast ecast
of Suszek, which suggested a movement of dangerous phenomena
in this direction. Although as the resolution increases from 7 to 2.8 km
the SDI1 extreme structures (positive and negative) have a more linear
than two-dimensional structure, for each resolution a repeating pattern
is visible: a maximum followed by a minimum. Could this fact conclu-
sively indicate the presence of a supercell associated with a low-pressure
cyclonic circulation system (based on SDI2; Baldauf, Seifert 2008)?
It is difficult to answer this question because such structures (clearly
marked) cannot be seen at a resolution of 0.7 km. At the same time,
it can be observed, especially based on simulations for a resolution
of 7 km, that the center(s) of the storm has been moving at an average
speed >50 km/h. The maximum speed of the potential supercell was
about 100 km/h, and the whole system ended as it reached the Bal-
tic Sea. In addition, it could be seen that between 19:00 and 20:00
UTC the supercell split into two systems (for orientation, in the center
of the domain with a resolution of 0.7km, near Torun and Bydgoszcz).
In Figure 8 the red lines, connecting local maxima (with the closest
values) of SDI at specific hours, showed the route of the supercell
(maximum SDI1 values) with a split into two supercells between 19:00
and 20:00 UTC. This effect was not visible when forecasting the SDI1
index at a resolution of 7 km; also, at a resolution of 0.7 km, this split
effect is very weak.

Finally, Figures 9 and 10 show the vorticity and storm-relative he-
licity at each resolution. Analysis of the results of numerical forecasts
obtained from the model at a resolution of 7, 2.8, and 0.7 km suggested
a vorticity significantly different from zero, indicating the possibility
of intense convective phenomena (e.g., Weijenborg et al. 2017; Figure
9) in the Suszek region forecasts at resolutions of 2.8 and 0.7 km. These
values were about 0.005-s! and more. On the other hand, the forecast
obtained at resolution 7 km for this hour(s) did not suggest a signifi-
cant vorticity (>0.0005 s) in the Suszek region. In turn, values of SRH
greater than 250 m?/s* may suggest an increased threat of high-impact
convective structures (see NOAA webpage for detailed explanation?),
but high values of this index do not necessarily suggest that the envi-
ronment supports supercell formation (Figure 10). Larger values are
generally more indicative, but there is, basically, no clear distinction
between supercell and non-supercell signatures (NOAA's NWP SPC
web page; Markowski et al. 1998). The analysis of the forecast of SRH
values at 20:00 and 22:00 UTC from the model at all resolutions did
not show that there were any (very) dangerous supercells (Rasmussen,
Blanchard 1998) in the Suszek area. Positive values of SRH (warm

? heeps://www.spc.noaa.gov/exper/mesoanalysis, also sub-page heeps://www.spc.noaa.gov/exper/mesoanalysis/help/begin.heml
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Fig. 8. Supercell Detection Index 1 values. Forecast based on the model results in resolutions (left to right) 0.7 km, 2.8 km, and 7.0 km from 12:00 to 22:00

UTC. Positive SDI1 values (warm colors) correspond to the updraft, negative (cold colors), and downdraft (Wicker et al. 2005). The red lines connect local

maxima of SDI at specific hours (see further explanations in text).

Fig. 9. Vorticity (vertical component, calculated as average values from
1000 m to 3000 m); forecast based on the model results in resolutions
(top to bottom) 7.0 km, 2.8 km, 0.7 km from 18:00, 20:00, and 22:00 UTC
(left to right). Warm colors correspond to positive values, cold colors

to negative ones.

color on the map) were forecast at all resolutions in the Zachodnio-
pomorskie, Warminsko-Mazurskie, northern Lubuskie, Wielkopol-
skie, Mazowieckie, Kujawsko-Pomorskie, and Pomorskie voivode-
ships. In the indicated regions, the projected minimum and maximum
SRH values were <700 and >700 m?/s?, respectively. Negative values
of the SRH indicator (anti-cyclonic, i.c., anticlockwise movements;
cold color on the map) were forecast in the Pomorskie and Ku-
jawsko-Pomorskie regions with a resolution of 0.7 km, and for Ku-
jawsko-Pomorskie and Dolnoslaskic voivodeships with a resolution
of 2.8 km. Negative forecast values of SRH from the model at a resolu-
tion of 7 km are for very small areas in Pomorskie, Kujawsko-Pomor-
skie, and Wielkopolskie. Only the forecast from the model at a resolu-
tion of 2.8 km for 18:00 UTC in the Suszek area predicted SRH values
of about 500 m?/s? which could suggest the occurrence of dangerous
meteorological phenomena, especially supercells. In terms of high-im-
pact weather analysis, it is important to note that sufficiently large val-

ues were found around Suszek.

Fig. 10. Values of storm-relative helicity 0-3 km; forecast based on the

model results in resolutions (top to bottom) 7.0 km, 2.8 km, 0.7 km from
18:00, 20:00, and 22:00 UTC (left to right). Warm colors correspond

to positive values, cold colors to negative ones.

4. SUMMARY

The analysis shows that increasing the model resolution from
7 to 2.8 km better reflects the values of meteorological fields and im-
proves the spatial forecast. It should be noted that the forecasts in high-
er resolution are burdened with greater errors of MAE and RMSE
of surface parameters (results not included in this study in detail),
but not necessarily of convective quantities (e.g., radar reflectivities).
Increasing the resolution also resulted in a more accurate forecast
of the trajectory of a dangerous weather phenomenon.

Increasing the resolution to 0.7 km did not improve the predictions
of any variables considered, except for wind gusts. The simulations
showed a strong enhancement in maximum wind speed with increased
resolution.

To conclude, it should be remembered that the models with reso-
lution greater than 2.8 km were not (and still are not) being launched
in the operational mode. In other words, the results of the 0.7 km mod-

el were not available at the time of the incident.
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