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Abstract. This article focuses on the forecasting of flash floods using the Algorithm of Storm Prediction as

a new tool to predict convective precipitation, severe phenomena and the risk of flash floods. The first part
of the article contains information on methods for predicting dangerous severe phenomena. This algorithm

uses mainly data from numerical weather prediction models (NWP models), database of historic weather

events and relief characteristics describing the influence of orography on the initiation of atmospheric
convection. The result section includes verification of predicted algorithm outputs, selected NWP models
and warnings of CHMI and ESTOFEX on three events related to the floods that hit the Zlin Region between
years of 2015 - 2017. The main result is a report with prediction outputs of the algorithm visualized in maps

for the territory of municipalities with extended competence and their regions. The outputs of the algorithm

will be used primarily to increase the effectiveness of preventive measures against flash floods not only by
the Fire Rescue Service of Czech Republic but also by the flood and crisis management authorities.

1 Introduction

Natural disasters are one of the most significant threats
to contemporary society, particularly disasters caused by
the weather in the Czech Republic and the world. These
are mainly floods, storms, and gales. Floods represent
one of the most significant direct hazards for the Czech
Republic, where there are significant losses in life and
economic losses. Floods caused by steady rain
significantly affected the Czech Republic in years of
1997, 2002 and 2006. Flood damage amounted to nearly
150 billion. Moreover, dozens of people were killed as a
result of heavy rainfall. Floods caused by torrential
rainfall (called "Flash floods") have started to occur
regularly in the Czech Republic since 2007.
Nevertheless, this type of floods has become a current
issue of crisis management. At the same time a threat to
our entire society due to their high frequency of intensity
and short duration of extreme weather phenomena,
especially torrential rainfall, which are one of the leading
causes of the flash floods [1, 2, 3].

Extreme weather phenomena associated with strong
severe storms are one of the impacts of global climate
change with a natural uneven occurrence [5]. Typical
consequences of global climate change are the global
increase of surface temperature [6] and atmospheric
humidity caused by the melting of glaciers, frozen land
and sea ice [7], which contributes to growing the
frequency of these extreme weather events and also flash
floods.

The possibilities of flash floods prediction are still
insufficient due to a large number of parameters that
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affect the formation of flash floods. The reason for the
low success rate of predicting intense torrential rainfall
and other dangerous phenomena is their local occurrence
in a tiny area of several km® with a short duration
(approximately ten of minutes). Current forecasting
systems such as numerical weather prediction models
(NWP models), nowcasting systems and expert
meteorological systems allow predicting the occurrence
of torrential rainfall with relatively low success and short
lead times. The prediction of intense convective
precipitation by NWP models has been investigated in
many studies [8, 9, 10]. The fundamental problem of
NWP models lies in the lack of horizontal resolution, the
amount of input data, including the absence of the effect
of orography on the initiation of convection. Nowcasting
systems work with data from radar rainfall
measurements to calculate the motion field of
precipitation using extrapolation methods [11, 12, 13]
with a very short lead time (approximately 60 minutes).
These systems do not predict variability of rainfall in
time including orographic influences.  Expert
meteorological systems combine previous systems,
including conceptual and statistical models of orography,
the use of which is documented in some papers [14, 15,
16].

Limitations of expert systems are based on the
disadvantages of applied methods. None of these
forecasting tools provide relevant prediction information
with higher prediction accuracy. For these reasons, the
Algorithm of Storm Prediction was developed to solve
these problems. The goal of the algorithm is to provide a
more accurate predictive information on convective
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precipitation and dangerous severe phenomena for the
early warning of flash floods with the possibility of
deploying preventive flood control measures.

2 Methods

The prediction of intense convective precipitation, which
is one of the leading causes of the flash floods, is solved
through these systems and algorithms with forecast lead
time:

1. System Integrated Warning Service of CHMI with
forecast lead time 24 hours.

2. The algorithm of Storm Prediction with lead time 6-
24 hours.

System Integrated Warning Service of CHMI
provides prediction warning information on dangerous
phenomena related to severe storms for the territory of
the regions and districts, shown below in Table 1:

Table 1. Classification of dangerous phenomena [17]

The degree of
storm
intensity

- Weak storms

Strong storms

Rainfall intensity,

Colour dangerous phenomena

below 29 mm/hr., heavy
rainfall
30-49 mm/hr., heavy
rainfall, hail and strong
wind gust
50-89 mm/hr., heavy

Vesrt};;trrlzng rainfall, hail, strong wind
gust and tornadoes
Extremely above 90 mm/hr., heavy

rainfall, hail, strong wind
gust and tornadoes

strong storms

However, the territory of regions and districts is
relatively large, so it is essential to use a predictive tool
to provide more accurate predictive information on the
occurrence of convective precipitation and other
dangerous phenomena. This predictive tool is the
Algorithm of Storm Prediction proposed in the
dissertation work of the author of this article.

2.1. The algorithm of Storm Prediction

The Algorithm of Storm Prediction was developed as a
desktop application to provide predictive information on
severe convective storms. This algorithm uses the
principles of analysis and evaluation of predictive
meteorological elements and parameters from NWP
models, including the evaluation of orography effects
and the use of a database of approximately 200 historical
weather situations [3, 4].

The output of the algorithm is a report that contains
prediction information:
e precipitation occurrence - municipalities with
extended powers (MEP) and its regions,
e time of precipitation occurrence and
o forecast lead time with 6-24 hr [3, 4].

Figure 1 demonstrate that predictive algorithm
outputs are computed through ten phases. The null phase
is focused on converting input data from NWP models
and other sources (database of historical situations and
relief characteristics, alerts from CHMI and ESTOFEX)
to coefficient values in the interval 0-3.

START

Database of severe Portal CHMU, NWP models — NWP models —
storm events ESTOFEX time occurence parameters
—— ! - 4
0. Preparatory phase Relief
Qutput s condition definition characternistics
< Conversion of [fme prediction data
TV
t+6 hr. I. Time prediction
< Predictive parameters conversion
] |
I1. General characteristics II1. Air masses conditions IV. Local conditions
\ /
VI. Severe

1 V. Storm intensity vhenomena 1

1. Probability of convective
precipitation occurrence
VIII. Statistical VII. Phases 2 Risk of severe phenomena
prediction summarization 3. Risk of flash flood

T~ }

IX. Forecast report

1 time interval more time intervals

@ LEGEND

0 «+————— Direction of data flow
-— Data flow of cutputs
Predictive outputs

END

Fig. 1. Flowchart of Algorithm of Storm Prediction [3, 4]

Forecasting outputs are computed for each 3-hour
interval separately. In the first phase, 3-hour intervals are
determined on the forecast of precipitation from seven
NWP models with a horizontal resolution of fewer than
11 km. The second phase summarizes crucial predictive
information, in particular about the warnings of the
CHMI and ESTOFEX. The third phase predicts
conventional properties in the atmosphere. The fourth
stage predicts conditions of temperature, humidity and
airflow in the boundary layer of the atmosphere
including orographic effects to predict the conditions for
the initiation of atmospheric convection. This phase
forms the core of a precision forecast of the probability
of convective precipitation. The fifth phase predicts the
storm intensity, which is compared with the warnings of
the CHMI and ESTOFEX. The occurrence probability of
dangerous phenomena such as torrential rainfall, hail,
strong wind gusts and tornadoes are predicted in the
sixth phase. The aim of the seventh phase is merging
outputs from third to sixth phases, which are
accompanied by a statistical prediction of convective
precipitation in the eighth phase. The ninth phase
summarizes and visualizes these forecast outputs to
maps for the MEP and regions:

— general characteristics of the predicted situation (alg.)

— forecast of the probability of convective precipitation
occurrence (alg.),

— forecast of storm intensity (alg.),

— forecast of the risk of flash floods (alg.),

— forecast of time probability and precipitation
occurrence (NWP models) and
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— forecast of the risk of dangerous phenomena (alg.).
— statistical prediction of the probability of
convective precipitation (alg.) [3, 4].

The situation associated with flash floods are
analyzed and evaluated by boldly marked prediction
outputs.

Predictive outputs are calculated as their probability
values which is recalculated to coefficient values in the
range from 0 to 3 according to the formula:

_ b viYij

Py, = T, (1)
where yij are values of the critical matrix Y (values of
coefficients, converted predictive parameters from NWP
models) and vj is the weight of the j-th criterion which is
weighted coefficient values of predictive parameters. Xn
represents the sum of predictive parameters in a partial
or main output [3, 4].

2.1.1 Forecast of the probability of the rainfall intensity
and its occurrence

This forecast output is calculated from outputs of the
fourth and fifth phase (Storm Intensity + Local
Conditions) according to formula 1. Verification of this
output is performed with data from the stationary
measurement of CHMI network [3, 4].

2.1.2 Forecast of storm intensity

Storm intensity forecast is calculated from partial
outputs of the third phase according to formula 1:

e day or night atmosphere instability,
e comprehensive support for convection mechanisms,
o deep layer shear in levels 0 - 6 km,
e propagation, and motion of storms.

This output is compared with the CHMI alerts for a
dangerous Storm phenomenon for its verification [3, 4].

2.1.3 Forecast of the risk of flash floods

Risk of flash floods is calculated by combining the
critical prediction algorithm outputs (formula 1):

o the degree of soil saturation,

e the number of potential risk precipitations in 1 hour,
e the probability of convective precipitation,

o the storm intensity,

o the propagation and motion of storms,

o the summary of dangerous phenomena [3, 4].

The risk of flash floods is verified by the Czech
Hydrometeorological alerts, data from the radar and
station measurement of precipitation and flood events
reported by the Fire Rescue Service of the Czech
Republic.

As can be seen in Table 2, coefficients shown in
bold represent high to the very high risk of flash floods,

when the determination would be possible to start the
implementation of flood prevention measures.

Table 2. Classification of evaluated algorithm outputs [3, 4]

Coeffici- Rainfall Storm intensity Ril.lil:;: f
ents probability (mm/hr.) flood
\%
0 0-0,24 | Weak (0 - 29) I:\:vy
0,25- Strong (30 -
! 0,49 49) Low
0,50- Very strong .
2 High
0,74 (50 - 89) 9
Extremely
\")
3 0,75-1 strong (nad h;ar:]/
90) g

Verification of predicted outputs is performed by the
Accuracy fundamental verification criterion using the
pivot table according to the equation:

A=—2C %100 (%), )

T a+b+c+d

where a is the number of cases where the phenomenon
was predicted and actually occurred; b is the number of
cases where the phenomenon was not predicted and
actually occurred; ¢ is the number of cases where the
phenomenon was predicted and did not actually occur,
and d is the number of instances when the phenomenon
was not predicted and did not actually occur.

The Accuracy verification criterion is calculated for
each three-hour interval separately, both for
municipalities with extended powers and their regions
according to the equation:

S 1
X=1vnx, (3)

where Y x; is the sum of categories a, b, ¢, d, which is
evaluated for each situation separately [3].

3 Results

This chapter focuses on results of verification algorithm
outputs with the measured radar and station data of
CHMI associated with flash floods in the Zlin Region:

o July 24,2015,

e August 5, 2016,

e July22,2017.

3.1. Flash flood on July 24, 2015

Flood event of July 24, 2015, was characterized by its
unexpected emergence and rapid progression. The
leading cause of flash floods was cold front above
western Slovakia to create favorable conditions in the
atmosphere because of its high instability and significant
wind shear [3].
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Table 3 shows that a low risk of flash floods was
predicted for the central, western, northern and
northeastern territory of the Zlin region. High risk was
calculated for MEP Zlin, where actual floods occurred
and caused damage to property and infrastructure in the
order of tens of millions of crowns.

Table 3. Verification of flood event on July 24, 2015 [3]

Predi- Predi-
24.7.2015 Predi- . . .
(18-21:00) ction Reality Cthl.l + ction
reality
Rain-
fall
M,EP of.the Rainfall | Rainfall in | inten- Risk of
Zlin region, s .
reported intesity mm (the sity flash
flash flood (mm/ name of (mm/ flood
3hr.) station) hr.)
event
UhHradidts | 0 7S g g 0
Huté
Otrokovice 3-9 0 0-29 low
Kroméftiz 3-9 6- | 029 low
Kromé&tiz
HoleSov 3-9 6 - Holesov | 0-29 low
Zlin 10-29 23 -Zlin 0-29 high
Bystfice 3-9 4 - Bystfice | 0-29 low
Vala§ské 0 0 029 | low
Mezifici
Roznov 3-9 0 0-29 low
Vsetin 3-9 12- 0-29 low
(Maruska)
Vizovice 3-9 4 Vizovice | 0-29 low
Valasské
Klobouky 3-9 0 0-29 0
Luhacovice 3-9 0 0-29 0
Uh. Brod 0 0 0-29 0

Table 3 provide a more detailed verification where
the most intense rainfall was measured in the Zlin region
at the Zlin station (23 mm), where local floods were
reported by the authorities of the region's crisis
management and Fire Rescue System of Czech Republic.

Graph 1. The accuracy of predictive outputs on July 24, 2015
(3]

Graph 1 provide the results of verification by
Accuracy for flood event July 24, 2015. The risk of flash
floods reached the highest value in comparison with the
Czech Hydrometeorological Institute, which did not
issue the alert, very favorable assumption of correct
configuration algorithm for prediction of flash floods.

3.2. Flash flood on August 5, 2016

This flood event occurred at a time when it rained in the
whole territory of the Zlin Region in previous days. The
primary cause of flash floods was the cold front [3].

Table 4. Verification of flood event on August 5, 2016 [3]

M Regions of the

120 MEP

5100 B Municipality with
3 80 extended powers|
] (MEP)
5 60 A = Model ALADIN
E 20 CHMI

20 = NWP models of

the MEP
0 - T T T

= Warnings of
Precipitation 3-hr. Rainfall Risk of flash Storm CHMI
occurrence  intensity flood intensity .
Forecasting outputs of Algorithm, NWP models a warnings of ™ Waminesof

swamtoar | m | b
24:00) ction y !
reality
Rain-
fall
M,EP of.the Rainfall | Rainfall in | inten- Risk of
Zlin region, . .
reported intesity mm (the sity flash
ﬂast flood (mm/ name of (mm/ flood
: 3hr.) station) hr.)
event
UhHradits | 1029 | -5 3049 0
Huté
Otrokovice 3-9 8 - Kosiky | 0-29 0
. 8-
Krom¢étiz 3-9 Krometis 0-29 0
HoleSov 3-9 9 - Holesov | 0-29 0
Zlin 6 - Zlin-
(povodet) 3-9 Stipa 0-29 low
.. 9-
Bysttice 10-29 Bystfice 30-49 low
Valasské 7 -Valasské
Mezitisi 39 Mezitici | S04 | low
Roznov 3.9 | 13- HomiF 50 40 1 ow
Becva
Vsetin 1029 | 24Vl 3049 | pow
Senice
Vizovice 0-3 9 30-49 low
Vizovice
Valasské 21-
K;" Zsi key 10-29 | Brumov- | 30-49 |  high
ovo Bylnice
Luhatovice | 1029 | M-Tuha- 50 49 1 oy
Covice
Uh. Brod 10-29 14 - Strani | 30-49 low

ESTOFEX
CHMI and ESTOFEX

As can be seen in Table 4, high risk was predicted for
the Vsetin and Vala$ské Klobouky regions, where a local
flash flood occurred on the Brumovka river between 22
and 23 o'clock. This flood has caused enormous damage
mainly to the infrastructure and property of the
population. The intensity of strong storms was predicted
for nearly two-thirds of the region, but only in the
Valasské Klobouky region, there was a flash flood where
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the second highest rainfall was measured at the Brumov-
Bylnice station (21 mm).

W Regions of the
120 MEP

100 A
—_ M Municipality with
X 0 - extended powers
- (MEP)

o

60 = Model ALADIN

3 CHMI

Q
<40

B NWP models of
20 the MEP
0 T T T

m Warnings of
CHMI

Precipitation 3-hr. Rainfall Risk of flash Storm
occurrence intensity flood intensity
. . . ™ Warnings of
Forecasting outputs of Algorithm, NWP models a warnings of  ts1orex
CHMI and ESTOFEX

of the flash flood risk corresponded to the fact that a
flood in the Luhacovice MEP was reported. Czech
Hydrometeorological warnings were issued for the entire
territory of the Zlin Region and despite that flash flood
occurred in only one district.

Table 5. The accuracy of predictive outputs on July 22, 2017

Graph 2. The accuracy of predictive outputs on August 5,
2016 [3]

Graph 2 shows the very high success rate of
convective rainfall occurring throughout the Zlin
Region. On the contrary, lower values were at the storm
intensity. Predicting the risk of flash floods correspond
with reality, which was reported flash flood in the MEP
of Valasské Klobouky. On the other hand, the Czech
Hydrometeorological Institute again did not issue a
warning, even though the presence of some factors (for
example extreme soil saturation) recorded a probable
flood event in the eastern of the Czech Republic.

3.3. Flash flood on July 22, 2017

The last evaluated flood event was the situation on July
22, 2017, when there were very intense convective
precipitation between villages of Horni Lhota and
Luhacovice in a concise time (approximately 60-90
minutes). The leading cause of flash floods was occluded
front, where there was rainfall intensity of 30 mm/hr. in
combination with strong wind shear. Just wind shear
caused the stationary movement of the severe storm,
which led to the formation of the flash flood [3].

120 M Regions of the
MEP

W Municipality
with extended
powers (MEP)

] H Model ALADIN
CHMI
B NWP models
4 of the MEP
0 - . . . ™ Warnings of

CHMI

N
Q
]

o
o

Accuracy (%)
(2}
o

N
o

nN
o

Precipitation 3-hr. Rainfall Risk of flash Storm

occurrence intensity flood intensity ™ Warnings of
Forecasting outputs of Algorithm, NWP models a warnings of CHMI ESTOFEX

[3]
Predi- Predi-
22.7.2017 Predi- . . .
(15-18:00) | ction | ReANY ety |
MEP of the | Rainfall | Rainfall in Eﬁéﬁgﬁg Risk of
Zlin region, | intesity mm (the (mm/ hr.) flash
reported (mm/ name of 7| flood
flash event 3hr.) station)
Uh.Hradisté 0 3 - Hluk 0-29 0
Otrokovice 0 0 0-29 0
Krométiz 0 0 0-29 0
Holesov 0 0 0-29 0
Zlin 10-29 0 0-29 low
(povodei)
Bystfice 0 0 0-29 0
ValaSske 0 0 0-29 0
Mezifici
Roznov 0 0 0-29 0
. 3 -Val
Vsetin 3-9 Polanka 0-29 0
Vizovice 3-9 0 0-29 0
Valasské
Klobouky 3-9 0 0-29 0
. 36 - Horni .
Luhacovice 30-49 Lhota 30-49 high
Uh. Brod 0 0 0-29 0

and ESTOFEX

Graph 3. Accuracy of predictive outputs on July 22, 2017 [3]

As can be seen in the Graph 3, algorithm and NWP
models have the high predictability of convective
precipitation. The highest success rate was achieved in
predicting the risk of flash floods and storm intensity
(the algorithm and warnings of the CHMI). The forecast

Table 5 show that this situation was characterized by
the presence of strong local precipitations measured at
Horni Lhota station (36 mm / hour), which had a
significant influence on the formation of the flash flood.
The forecast corresponded to the actual state. High risk
was predicted only for the Luhacovice region, where 58
mm / 2 hours precipitation was measured. The flash
flood affected the isolated area and damaged the
transport infrastructure.

4 Conclusion

This article aimed to provide information on the new
forecasting tool (Algorithm of Storm Prediction)
regarding its evaluation success rate in three flash flood
events that hit the Zlin Region in years of 2015-2017.
Verified predicted outputs of the algorithm were the
probability of the precipitation occurrence, storm
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intensity, and the flash flood risk, which was calculated
to a high degree for all flood events. It corresponded to
the fact that there were floods occurred in the regions.

On the contrary, the CHMI issued warnings on
dangerous phenomena of severe strong storms in only
one case (July 22, 2017), which is a severe problem
regarding inaccurate information on early warning of
flash floods.

The limitation of this study is the insufficient number
of evaluated flood events. Future research will focus on
testing and verification of dozens of flood events not
only for the Zlin Region but the whole of the Czech
Republic.

This work was supported by the project No. CEBIA-Tech
LO1303, A2.4 —ICT for support of crisis management.
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