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Abstract. In this study, we investigate the atmospheric environments during eight summertime derechos and two derecho-type
events in Finland, as well as trends in frequency of such environments during 1940-2022, using ERAS5 reanalysis. We find that
derechos in Finland tend to occur near the right entrance region of an upper-level jet streak, where deep-layer vertical wind
shear is moderate, and deep-layer flow with a southerly component advects warm, moist air into the area. In all 10 studied
cases, equivalent potential temperature at 850 hPa exceeds 325 K along the trajectory of the system. We define three sets of
criteria to capture atmospheric environments favoring derecho formation in Finland. Two of the criteria sets are largely based
on literature, whereas the third one is more adapted to the atmospheric conditions observed along the trajectories of derechos
in Finland. The criteria sets consist particularly of kinematic parameters, including deep-layer (0—6 km and 0—10 km) vertical
wind shear and 6-10 km layer mean wind speed, but also contain thermodynamic variables, including convective available
potential energy (CAPE) and equivalent potential temperature at 850 hPa. For each criteria set, we require that threshold values
for combinations of these parameters are satisfied at the same grid point and over a sufficiently large grid area to classify the day
as favorable for derecho formation. By applying the criteria sets, we discover that derecho-favoring environments in Finland
have become more frequent, particularly during the era of accelerated global warming (1980-2022). This finding suggests that

derechos are likely to become more common in the future, at least in Finland.

1 Introduction

Thunderstorms often develop into larger convective weather events that can produce tornadoes, strong straight-line winds, hail,
and intense precipitation. Economic losses due to convective weather events have increased remarkably during the last several
decades. The average global overall (insured and uninsured) inflation-adjusted losses due to severe convective storms have
increased by as much as 580 % from 1980-1994 to 2010-2024 (Munich RE, 2025a). Between the same time periods, the
average global overall losses due to all natural disasters have increased by 209 % (Munich RE, 2025b). Therefore, it is vital to
know how severe convective events have changed and will change in the future.

As severe convection usually occurs on a scale that is too small to be simulated with weather and climate models, proxies
have been used to analyze its occurrence in models. These proxies include convective available potential energy (CAPE), or

some other index representing instability, and deep-layer shear. By using such proxies and applying a set of statistical models to
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represent convective hazards in climate models and reanalysis data, Rédler et al. (2019) showed that the frequency of damaging
convective weather events, including lightning, hail and severe wind gusts, will likely increase across Europe by the end of the
21st century.

Severe straight-line (as opposed to rotating) winds occur in various types of convective weather systems. The most de-

1 must exceed

structive of them is a derecho. In a derecho, the wind damage path associated with gusts of at least 26 m s~
400 km (Johns and Hirt, 1987). Indeed, destruction caused by derechos can be comparable to that caused by tornadoes and
hurricanes (Ashley and Mote, 2005). Derechos also stand out by the formation mechanism of strong surface winds, which is
often related to specific features like descending rear-inflow jets and mesovortices in the vicinity of the leading line of con-
vection (Markowski and Richardson, 2010). Furthermore, convective systems producing derechos propagate exceptionally fast
compared to other convective weather systems (Cohen et al., 2007), which can complicate their forecasting.

Obviously, it is crucial to find out whether climate change affects the formation of derechos. The fact that severe wind
gusts associated with convection occur in a variety of meteorological conditions makes it difficult to find useful parameters for
forecasting them (Taszarek et al., 2017). However, Cohen et al. (2007) showed that meteorological environments associated
with derechos can be discriminated from those associated with weak convective systems and severe (but not derecho-producing)
convective systems.

In Finland, a country located roughly between latitudes 60° N and 70° N, derechos occurred on four days within a period
of only ten days in summer 2010. These derechos damaged a total of 8 million m? of timber (fallen or broken trees) and 35
000 km of power lines (Safety Investigation Authority, Finland, 2010). This remarkable and, to our knowledge, unprecedented
series of derechos in Finland causes concern regarding whether there have been or will be changes in the climate that increase
the overall frequency of derechos and, on the other hand, occurrence of several derechos in a row in the same geographical
region. In this study, we investigate historical changes in the frequency of environments favorable for derechos. The study area
is roughly the same where the four derechos occurred in 2010, but a similar study can also be repeated for other geographical
regions.

In this study, we develop three sets of criteria for a favorable environment for derecho formation. Two of them are mainly
based on the study of Cohen et al. (2007) on variables that discriminate between summertime derechos and other mesoscale
convective systems (MCSs) in the region east of the Rocky Mountains in the USA. However, as it is not clear that the envi-
ronments favoring derechos would be the same elsewhere in the world, we also develop a third set of criteria which is more
strongly guided by observations of environments of derechos in Finland and European derecho research. We then use these
three sets of criteria to analyze the historical trend in the frequency of atmospheric conditions favoring derecho formation in
Finland.

In Sect. 2, data and methods are described. Section 2 also briefly presents eight confirmed derecho cases and two derecho-
like cases that have occurred in Finland and that we use to develop the criteria sets. In Sect. 3, an overview is presented of the
synoptic and mesoscale environments of the ten derecho and derecho-like cases. Section 4 presents the three criteria sets for
atmospheric conditions favoring derecho formation and their evaluation. In Sect. 5, trends in the frequency of derecho favoring

environments are presented. The results are discussed in Sect. 6 and conclusions are provided in Sect. 7.
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2 Data and methods

The events that were used to define the criteria for derecho-favoring atmospheric conditions in Finland are presented in Sect.
2.1. Then, Sect. 2.2 describes how the ERAS dataset was used to examine derecho-favoring conditions and their occurrence.
The calculation of the parameters used in the criteria sets is detailed in Sect. 2.3. Lastly, Sect. 2.4 specifies the methods applied

to analyze the trends in the frequency of derecho-favoring environments.
2.1 Derechos events in Finland

Table 1 catalogs eight confirmed summertime derecho cases and two derecho-type events in Finland. The confirmed derecho
cases were identified using criteria similar to those of Evans and Doswell (2001) in the United States and Gatzen et al. (2020)
in Europe. According to the criteria, measured wind gusts had to exceed 25 m s~ ! (slightly lower than 26 m s~ defined by
Johns and Hirt (1987)) and/or damage of tornado scale F1 (Fujita, 1971) had to occur along a major axis length of at least 400
km. In addition, the time between successive wind damage reports had to be no longer than two hours along the axis, and the
damage had to be attributed to the same convective system. From the confirmed events, a few have already been studied in
literature: Unto (Punkka et al., 2006), Asta (Chernokulsky et al., 2022), Sylvi (Térmi et al., 2013) and Paula (Virman et al.,
2025). It is also worth noting that two separate derechos affected Finland on 8 August 2010. However, for the purposes of this
study, it is sufficient to treat the date as a day when a derecho occurred.

In addition to the confirmed derechos, the table includes two events (storms Ahti and Aatu) which had characteristics typical
for derechos by causing widespread damage and were also investigated by Virman et al. (2025). Nevertheless, they did not
fulfill all of the formal derecho criteria. For storm Ahti, the major axis of the wind gust and/or damage reports did not reach
the required length of 400 km, and some of the damages were caused by isolated convective cells rather than a single system.
Storm Aatu similarly fell slightly short of the path-length threshold for wind gusts and damage, which prevented it from being
classified as a derecho.

Several potential derecho events cross national borders, which means their damage paths may be too short over Finland to
meet the derecho criteria. For example, storm Aatu already affected Estonia (based on radar images), but it did not last long
enough over Finland to classify as a derecho. Since storms Ahti and Aatu did not quite meet the requirements to be classified
as derechos, they are classified as derecho-type events in this study. Importantly, the addition of these two events did not affect
the criteria for derecho-favoring environments that are defined in Sect. 4.

The trajectories of all ten events are drawn in Fig. 1, which also shows the grid domain (21.5°-34° E, 58.5°-65.5° N) that
was selected to study the atmospheric conditions favoring derecho formation in Finland. The trajectories were determined
visually from radar images provided by Eerik Saarikalle at the Finnish Meteorological Institute (FMI). At least two of the
derecho-producing systems (Asta 29 July 2010; Chernokulsky et al. (2022), and Sylvi 8 August 2010; Torma et al. (2013))

clearly developed outside of our grid and radar image area but propagated far enough across Finland to be classified as derechos.
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Table 1. List of derecho events used in the analysis, with dates, storm names by Finnish naming convention and classification. In the table,

events that had derecho characteristics but were not classified as derechos are labeled as derecho-type.

Date Storm name  Classification
5 July 2002 Unto derecho
10 July 2006 Saima derecho
29-30 July 2010 Asta derecho
4 August 2010 Veera derecho
7 August 2010 Lahja derecho
8 August 2010 Sylvi derecho
21 June 2021 Ahti derecho-type
22 June 2021 Paula derecho
23 June 2021 Aatu derecho-type
17 August 2022 Verneri derecho
ok
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Figure 1. The grid area selected for analyzing conditions favoring derecho formation. Approximate trajectories of the derechos within the
study area are shown with solid red arrows, each labeled at its origin with the event’s start date. The two derecho-type tracks are distinguished

from the confirmed derechos by dashed lines.

2.2 ERAS reanalysis data

Environments of derechos have been analyzed in many studies using atmospheric soundings (e.g., Evans and Doswell, 2001;
Doswell and Evans, 2003; Cohen et al., 2007). However, the sounding network in Finland is too sparse to comprehensively

study the atmospheric conditions favoring derecho formation. Therefore, ERAS reanalysis data (Hersbach et al., 2020) were
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used instead. ERAS5 has several atmospheric, oceanic and land variables available for download on 37 pressure levels, extending
from 1000 hPa (surface) up to 1 hPa (approximately 80 km altitude). The dataset has a horizontal resolution of 0.25° and a
temporal resolution of 1 h.

To study synoptic situations during derecho events in Finland in Sect. 3.1, ERAS hourly pressure-level data were downloaded
for all dates of the events, and every six hours for five days preceding and one day following each event. The grid selected for the
synoptic-scale analysis covered most of Europe and eastern parts of the Atlantic (30° W=50° E, 35°~75° N). Horizontal wind
components (u, v), temperature (1"), specific humidity (q) and geopotential (Z) were downloaded from pressure levels 1000
hPa, 850 hPa, 700 hPa 500 hPa and 250 hPa. Additionally, single-level parameters were acquired: mean sea level pressure
(MSLP), 100 m horizontal wind components, and convective available potential energy (CAPE). In this study, no attention
is paid to the ERAS surface winds and precipitation during derechos in Finland, but some details on how they compare to
observations are mentioned in Rantala (2025, p. 27-28).

In Sects. 3.2-5, the focus will be on mesoscale environments favoring derecho formation. To analyze these conditions,
the smaller grid area (21.5°-34° E, 58.5°-65.5° N) illustrated in Fig. 1 was utilized. For this grid, u, v, T, ¢ and Z were
downloaded from 21 pressure levels between 1000 hPa and 250 hPa for all events. In addition, CAPE and 100 m horizontal
wind components were acquired. CAPE in ERAS is calculated by evaluating air parcels originating from model levels below

the 350 hPa level, with the maximum value retained (i.e. the most unstable CAPE).
2.3 Calculation of criteria parameters

As mentioned in Sect. 1, Cohen et al. (2007) found parameters that distinguished summertime derecho-producing systems from
other MCSs in the US. The most discriminating parameters were the 0—10 km and 0-6 km vertical wind shear, and the 6-10 km
layer mean wind speed (in addition to system propagation speed, which is not analyzed here). To calculate these parameters,
ERAS data was first interpolated to levels of constant altitudes at 500 m intervals from 500 m to 10 km using geopotential data
from the pressure levels.

Shear parameters were computed as the magnitude of the vector difference between the wind at 100 m above the surface
and the wind at either 6 km or 10 km altitude. Hereafter, references to 0—6 km or 0—10 km shear denote these two wind
vector differences. The wind vector at 100 m was preferred over the 10 m wind to mitigate the effects of surface roughness.
Nevertheless, the wind vector difference between 10 m and 100 m was small.

The 6-10 km layer mean wind speed (hereafter 6-10 km U) was also calculated in the same manner as in Cohen et al.
(2007). First, squares of the wind vector components (u? and v?) were computed at all the interpolated altitude levels within
the 6-10 km layer. The mean values of u? and v? were calculated across these levels. Finally, the square root of the sum of
these mean values was taken to obtain the 6-10 km U'.

In many studies the 850 hPa equivalent potential temperature (f) has been observed to be particularly high during Eu-
ropean derechos (discussed further in Sect. 3.2). Therefore, 0 was also calculated at the 850 hPa level using the “equiva-

lent_potential_temperature” function from Python’s MetPy library.
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2.4 Trend analysis

To find out whether the frequency of derecho-favoring atmospheric conditions has changed during recent decades, ERAS data
were downloaded for the period 1940-2022. Since we were interested in the warm-season derechos in Finland, only data for
June, July and August were analyzed. Additionally, based on our small sample of derecho cases in Finland, European derecho
studies (e.g., Gatzen et al., 2020), and intense MCSs observed in Finland (Punkka and Bister, 2015), derechos and intense
MCSs usually occur during the afternoon and evening hours. Consequently, ERA5 data were only acquired for 12, 15 and 18
UTC each day, which correspond to Finnish summer times 3, 6 and 9 p.m.

The trend analysis was carried out using several approaches. The three sets of criteria — the 10 km shear criteria, 6 km shear
criteria and Derecho-favoring environments in Finland criteria that are presented in Sect. 4 — were applied separately in all
trend analyses. For each summer, we calculated the number of favorable days (V) on which a given criteria set was satisfied
at least once per day (1pd), twice per day (2pd, not necessarily consecutive), or at all three times (3pd) during 12, 15, and 18
UTC. The trends were then determined separately for the 1pd, 2pd and 3pd cases.

The warming of the global climate has become much more pronounced after ca. 1980 (Lee et al., 2023). Furthermore,
assimilation of satellite data into ERAS began after 1979, producing more reliable data (Hersbach et al., 2019). Therefore, the
main focus was the trends within the 1980-2022 period rather than the full 1940-2022 time range, although the latter was also
considered.

After separately computing /N for conditions satisfied once, twice, and three times per day using each criteria set in each
summer, we calculated the Pearson and Spearman correlation coefficients between N and time (year number) for both time
periods. The p-values of these correlations were then used to evaluate the statistical significance of the trends. We used p-value

of 0.05 as the threshold for statistical significance.

3 Characteristic conditions during derechos in Finland

Both synoptic-scale and mesoscale atmospheric conditions were analyzed for all 10 events. Since the main focus is on the
atmospheric conditions favoring derecho formation in Finland, the role of mesoscale environments is more important for this
study. Nevertheless, considering possible synoptic-scale patterns is also essential to understand why derechos occurred during
these days. Hence, these synoptic-scale situations are discussed in Sect. 3.1, before analyzing the mesoscale atmospheric

conditions during derechos in Finland in Sect. 3.2.
3.1 Synoptic situation

Figure 2 illustrates the large-scale weather situation during two derecho events that occurred in Finland during 2010 and 2021

(storms Veera and Paula). Similar figures for the other eight cases are presented in the Supplementary material (Figs. S1-S4).

1

Fig. 2(a-b) show the geopotential height and jet stream at 250 hPa level, with winds weaker than 30 m s~ masked out.

Both cases feature a southerly to southwesterly flow into Finland, extending from southern Europe. This flow is driven by a
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Storm Veera Storm Paula
4 August 2010, 12:00 UTC 22 June 2021, 12:00 UTC
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Figure 2. Synoptic-scale situation during the storms Veera (4 August 2010 at 12 UTC) in the left column (panels a, c, e and g) and Paula
(22 June 2021 at 12 UTC) in the right column (panels b, d, f and h). Panels (a-b) show wind speed (WS, shading starting from 30 m s7h
and geopotential height at 250 hPa, (c-d) wind speed (WS, shading starting from 20 m s~ ') and geopotential height at 500 hPa, (e-f) specific
humidity (g, shading) and geopotential height (black contours) at 850 hPa, and (g-h) temperature (7') at 850 hPa (shading) and mean sea
level pressure (MSLP, black contours). In all panels, blue circles indicate the approximate location of the systems at the times of the analyses

and arrows point to the approximate movement of the system during the following three hours.

quasi-stationary high over Russia and a trough digging into central or western Europe, which has already developed into a
cut-off low before the formation of storm Paula. Jet streaks are observed over or just north of Finland, with both events moving
quasi-parallel and on the right-hand side of the jet streak. Moreover, the derechos are located near the right jet entrance region,
which is known to favor ascent.

Fig. 2(c-d) present 500 hPa winds that exceed 20 m s~! in both cases. Storm Veera moves under a 500 hPa jet (> 20ms~!,
whereas storm Paula is located in the vicinity of a particularly strong midtropospheric jet streak, with the maximum exceeding

35ms~1.
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At the surface, both events feature a strong high over Russia (Fig. 2(g-h)). Furthermore, a weak local low is observed, with
the low center located over the Baltic Sea in between Finland and Sweden. For storm Veera, this low is deeper compared to
storm Paula. The air mass over Finland is also very warm and humid in both cases as the 850 hPa specific humidity (q) exceeds
9 g kg™ ! in large areas over Finland (Fig. 2(e-f)), while the 850 hPa temperature (7T") surpasses 285 K in southern and central
Finland (Fig. 2(g-h)). This observation is explained by the quasi-southerly flow, advecting warm and humid air to southern
Finland. Finally, Fig. 2(g-h) indicate that the systems move perpendicular to an 850 hPa horizontal temperature gradient, with
colder air to the left of the movement. For storm Paula, this temperature gradient is particularly strong (approximately 15 K
(300km)~1).

Overall, similar features are found in most of the other derechos and derecho-type events. In all 10 cases, the flow into
Finland throughout the free troposphere has a southerly component during derechos, generally driven by a quasi-stationary
high over Russia and a trough digging into central or western Europe. In at least 6 of the 10 cases, the trough has already
developed into a cut-off low before the formation of the event (see Table A1 for the corresponding events and figure numbers).
This flow pattern advects warm and moist air from southern Europe, resulting in 850 hPa temperature and specific humidity
exceeding 285 K and 9 g kg1, respectively, along the trajectories of all 10 cases. Furthermore, all 10 events seemed to move
approximately perpendicular to the 850 hPa horizontal temperature gradient vector and are located either within the region
of strongest local gradient or slightly on its warmer side. A similar characteristic has been commonly observed also for the
US bow echoes (Johns, 1993) and derechos (Johns and Hirt, 1987), as well as in European derecho events (e.g. L6pez, 2007;
Gospodinov et al., 2015).

At the surface, all ten cases feature a strong high over Russia (as in Fig. 2(g-h)). Furthermore, a weak local low is typically
observed, with the low center located over the Nordic countries. Overall, a low centered over the Nordics is found in 9 of the
10 cases (Table A1), excluding only storm Lahja (Fig. S2h). The strongest low-pressure system among all cases is observed
during the only overnight event, storm Asta, which is located near the cold front of the low (Fig. S2g).

The 500 hPa wind speed exceeds 20 m s~! over some parts of Finland in all cases which is consistent with the strong mid-
to upper-level winds identified by Cohen et al. (e.g. 2007) as characteristic of derecho environments. In total, 6 of the 10 cases
are located under the 500 hPa jet (Table A1), while the rest of the cases occur in close proximity. These observed 500 hPa wind
speed values seem to fall within the range reported in Europe; for example, the 500 hPa flow in a derecho in Poland was found
to have been 10—15 ms~' (Taszarek et al., 2019), whereas warm season derechos have also been observed to occur under
midtropospheric jet streams reaching 40 ms~! (Celifiski-Mystaw and Matuszko, 2014). It has also been reported that wind
speeds throughout the troposphere tend to be stronger in the environments of the quasi-linear convective systems producing
warm-season derechos than in non-derecho-producing systems in Europe, with the largest median difference reported in the
midtroposphere (Pilguj et al., 2025). This agrees with our result of derechos in Finland tending to occur under a midtropospheric
jet streak. Interestingly, in 6 out of the 10 events (Table A1), the maximum of this jet streak is located directly behind the system
(as in storm Veera in Fig. 2c).

Finally, the 250 hPa jet streaks are also observed over or just north of Finland in all ten cases, with derechos moving quasi-

parallel to them on their right-hand side. In fact, at least 4 out of 10 of the cases (Table A1) are located in the right jet entrance
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region which has strong deep-layer vertical wind shear and is a dynamically favorable location for ascent. Additionally, this
region lies on the warm side of the jet, with high 850 hPa temperature and humidity values observed in these cases. Of the
remaining events, five (storms Unto, Asta, Lahja, Sylvi, and Verneri) are also located near the canonical entrance region but
slightly farther from the jet streak. Storm Saima was both near the left exit of a strong jet on its western side and in the right
entrance of a secondary flow maximum on its northern side (Fig. S1b). Similar observations have been made in Europe where
derechos have been connected to either the left jet exits (e.g. Gatzen, 2004; Lopez, 2007) or right jet entrances (e.g. Hamid,
2012). Comparable findings have also been reported in the US (e.g. Coniglio et al., 2004; Guastini and Bosart, 2016).

3.2 Mesoscale environments

In this section, the mesoscale atmospheric environments of derechos in Finland are examined, focusing on conditions along
their approximate trajectories. The main interest is in the environment throughout the lifetime of each event rather than in
single-point extremes. Thus, noting that a variable exceeds a threshold along the full trajectory (recall Fig. 1) means that even
the lowest values along the trajectory exceed it (unless otherwise stated). Figure 3 presents mesoscale conditions for the same
two example cases shown in Fig. 2. These cases were selected as representative of an “average” derecho in Finland, as their
mesoscale conditions were typical of the range observed in Finland. Similar figures for other cases are again available in the
Supplementary material (Figs. S5-S8).

The high air mass temperature and humidity noted in the synoptic-scale analysis in Sec. 3.1 is suggestive of convective
instability in these two cases. Indeed, moderate convective available potential energy (CAPE) values are present during storms
Veera and Paula (Fig. 3(a-b)). Throughout the lifetime of storm Veera, CAPE ranges from 500 to 1000 J kg—! in its near
environment (region extending ca. 100 km ahead of the storm along its direction of propagation), which represents mid-range
of all analyzed cases. In storm Paula, the CAPE values are among the highest as CAPE exceeds 2000 J kg ! in the vicinity of
the derecho. In total, CAPE values surpass 500 J kg~! along 9 of the 10 trajectories, with only storm Lahja remaining partly
below this value (Fig. S6b). The maximum CAPE, exceeding 3000 J kg, is observed on the trajectory of storm Sylvi (Fig.
S7a), so the variability among the cases is large.

On average, the CAPE values are lower than those reported by Cohen et al. (2007) in the United States (US), as expected
given that CAPE tends to be lower in Europe than in the US (Taszarek et al., 2020). Furthermore, Cohen et al. (2007) and
Pilguj et al. (2025) also found that derechos typically exhibit lower CAPE than other severe convective storms in the US and
Europe, respectively. The CAPE values we observe are similar to or slightly lower than those reported in European derechos.
For example, CAPE associated with a derecho in Poland ranged between 1000-2500 J kg_1 (Taszarek et al., 2019), which
is comparable to our high-end cases, whereas a derecho in Spain had CAPE exceeding 3000 J kg~! (L6pez, 2007) near the
genesis region, being comparable to only storm Sylvi in Finland. However, an 18-year climatological study of derechos in
Germany noted that a mixed-layer CAPE median for derechos occurring for Germany was based on proximity soundings ca.
500 J kg~! (Gatzen et al., 2020), which is close to the ERAS5 (most unstable) CAPE values observed in derechos in Finland.

High values of equivalent potential temperature (6.) have been reported in several European derecho studies, especially at

850 hPa level. For example, in a derecho in Germany (Gatzen, 2004), 6. values as high as 340 K were advected to the area,
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Storm Veera Storm Paula
4 August 2010, 12:00 UTC 22 June 2021, 12:00 UTC

CAPE () kg™1)

850 hPa 6, (K)

0-6 km shear (ms™*) 0-10 km shear (m s™*)

6-10 km U (ms™%)

Figure 3. Atmospheric conditions in southern and central Finland during the storms Veera (4 August 2010 at 12 UTC) in the left column
(panels a, c, e, g and i) and Paula (22 June 2021 at 12 UTC) in the right column (panels b, d, f, h and j). Panels (a-b) show CAPE (shading,
isolines of 250 T kg~! and 1000 J kg~ are also drawn with black dashed contours to help readability), (c-d) equivalent potential temperature
(6E) at 850 hPa (shading, 325 K isolines drawn with dashed black contours), (e-f) 0—10 km vertical wind shear (shading, 20 m s~ 1 isolines
drawn with dashed black contours), (g-h) 0-6 km vertical wind shear (shading, 20 m s™ ! isolines drawn with dashed black contours) and (i-j)
6-10 km layer mean wind speed (shading, 20 m s~ ! isotachs drawn with dashed black contours). In all panels, aquamarine circles indicate
the approximate location of the systems at the times of the analyses and arrows point to the approximate movement of the system during the

following three hours.

and in a derecho in Belgium (Hamid, 2012), the 6, maximum at 850 hPa was ca. 341 K. Our findings (e.g. in Fig. 3(c-d)) are
broadly consistent with these observations. 6. (850 hPa) surpasses 325 K in all 10 cases on their trajectories throughout their

lifetime, with the maximum value in Finland reaching over 340 K during storm Sylvi (Fig. S7¢). Since the 850 hPa 6. average
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over the grid area for the three summer months (considering times 12, 15 and 18 UTC) is 310 K during 2000-2022, the values
observed along the derecho trajectories are anomalously large.

For the kinematic parameters, both the 0—10 km (Fig. 3(e-f)) and 0—6 km shear (Fig. 3(g-h)) are relatively strong over large
areas during the two example derechos. In particular, the 0—6 km shear is well above 15 m s~! along the trajectories of storms
Veera and Paula. The strongest deep-layer shear is noted during storm Asta, where the 0-6 km (Fig. S6g) and 0-10 km (Fig.

S6e) shears exceed 25 m s~ ! and 30 m s—!

, respectively. However, due to the locations of the jet streaks (recall Sect. 3.1), the
highest 0—10 km shear values are generally located to the left of the derecho trajectories, whereas the highest 0—6 km shear
values generally match better along the trajectories due to derechos being located under or in the vicinity of the 500 hPa jet.
In two cases (storms Unto (Fig. S5e) and Verneri (Fig. S8f)), the 0—10 km shear is even below 10 m s~! on the trajectories.
Additionally, the 0—-6 km shear is stronger than the 0—10 km shear during storms Unto (Fig. S5), Lahja (Fig. S6) and Verneri
(Fig. S8) which is the opposite to the other events. Storm Verneri stands out as an outlier, with abnormally weak winds and
relatively low instability compared to other events.

While the variability in the 0—6 km shear is relatively small, with a majority of the values being above 15 ms~—!, the 0-10 km
shear exhibits considerably larger variability between the events as the values vary approximately from 5 m s~! to 35 m s—!
along the trajectories. Cohen et al. (2007) et al. found that 90% of the US derechos experienced the 0—10 km shear stronger than
about 19.5 m s~1, which is higher than in most of our cases. Only during storm Asta the 0—10 km shear exceeds 19.5 m s 1
along the trajectory throughout the lifetime of the system. Thus, the 0—10 km shear is relatively weak in derechos in Finland
compared to the US. Additionally, the equilibrium level for lightning events is lower in Europe than in the US (Taszarek
et al., 2020), implying that shear between the near-surface and 10 km wind may be less relevant for European convective
environments. Therefore, it was considered whether the 8 km altitude should be used instead of the 10 km altitude. However,
Pearson correlation between the 0—10 km shear and 0—8 km shear in convective situations (in grid points where CAPE > 250
JTkg=1) is strong (0.89) during 19802022, suggesting that the use of 0—10 km shear is adequate. Additionally, the difference
between our observations and US derechos regarding the 0—10 km shear is expected as Taszarek et al. (2020) found that the
vertical wind shear in European convective environments is generally weaker than in the US. We also use the 100 m altitude as
ground (0 km altitude) which might play a minor role in our shear value comparison.

On the other hand, Cohen et al. (2007) found that the 0-6 km shear exceeded approximately 12 m s~! in 90 % of the US
derechos, and this value is met during every derecho in Finland, with a small majority of the events surpassing 15 m s~!
along the trajectories (as in Fig. 3(g-h)). While the 0-6 km shear values are known to be underestimated in ERAS5 compared
to soundings (Taszarek et al., 2021), the observed 0—6 km shear values in Finland are still clearly lower than, for example,

in Germany where a median of 20.1 m s~*

was reported based on proximity soundings for an 18-year warm-season derecho
climatology (Gatzen et al., 2020).

Finally, the 6-10 km U exceeds 20 m s~ ! along the trajectories of the two example derechos (Fig. 3(i-j)). Across all the
events, the 6-10 km U surpasses 15 m s~ ! along the full trajectory, except for storm Aatu (Fig. S8i). The result is consistent
with the US derechos since 90 % of them experienced upper-level winds stronger than approximately 16 m s~! (Cohen et al.,

2007). The strongest 6-10 km mean winds (> 25 m s~!) are observed during storms Saima (Fig. S5) and Asta (Fig. S6),
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with the former being associated with a particularly strong upper-level jet, and the latter influenced by a moderately deep
low-pressure system. The upper-level winds are rarely reported in European derecho case studies. However, considering the
reported strong 500 hPa winds during derechos in Poland (Celiski-Mystaw and Matuszko, 2014), as well as stronger upper-
level winds in derechos found by Pilguj et al. (2025), it can be speculated that the upper-level winds in the environments of

derechos in Finland may be weaker than generally in Europe during derechos.

4 Development and evaluation of derecho environment criteria for Finland

In total, three sets of criteria were developed to capture environments favoring derecho formation in Finland. Two of these
are based on the findings of Cohen et al. (2007) and the analysis of CAPE during derecho events in Finland (Sect. 3.2). They
are discussed in Sect. 4.1. However, atmospheric conditions in Europe, particularly in Finland, differ from those in the US
(Taszarek et al., 2020). Therefore, the third criteria set was derived from the analysis of atmospheric conditions of the 10
events in Finland (Sect. 3.2), and it is introduced in Sect. 4.2. The performance of all three criteria sets is then evaluated for the

Finnish derecho cases in Sect. 4.3.
4.1 10 km and 6 km criteria sets

The 10th percentiles for the discriminating variables (recall Sect. 2.3) found by Cohen et al. (2007) were selected as baseline
thresholds for the criteria sets. These thresholds correspond roughly to 19.5 m s~! for 0-10 km shear, 12 m s~! for 0—6 km
shear and 16 m s~! for 6-10 km U. Even though CAPE was not found to be a discriminating variable, it was used as a proxy to
distinguish derecho environments from non-convective windstorms. Since all ten cases exceeded a CAPE value of 250 J kg ~*
along their trajectories (Sect. 3.2), it was selected as the minimum threshold for a derecho-favoring environment in Finland.

The first criteria set, hereafter the 10 km criteria set, required that the 0—10 km shear, 6-10 km U and CAPE meet their
respective minimum thresholds of 19.5 m s~!, 16 m s=* and 250 J kg~! at the same grid point. Since the formation of
derechos requires favorable atmospheric conditions over a large area, it was also required that at least 3.5 % of the selected
grid area (Sect. 2.1) satisfy these thresholds. The area fraction was chosen so that the Finnish derecho events would meet the
criteria at least once per day (1pd), with the exception of the outlier storm Verneri.

The second criteria set, hereafter the 6 km criteria set, was similar to the 10 km criteria set but it used 0—6 km shear and its
respective threshold value of 12 m s~! instead of 0—10 km shear. Additionally, the required area fraction was increased to 5 %.

The 6-10 km U and CAPE thresholds remained the same as in the 10 km criteria set.
4.2 Derecho-favoring environments in Finland criteria set

The 10 km and 6 km criteria sets have limitations, which are discussed in Sect. 4.3. Thus, the third criteria set, hereafter
the Derecho-favoring environments in Finland (DEF) criteria set, was developed to adapt the 10 km and 6 km criteria set
framework to the specific atmospheric conditions in Finland. It was tailor-made to be satisfied during the observed summertime

derechos in Finland along their trajectories throughout their lifetime, including the outlier storm Verneri.
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Table 2. Threshold values for parameters in all three criteria sets.

Condition 10 km criteria set 6 km criteria set  DEF criteria set

shear (m s’l) 0-10 km > 19.5 0-6km > 12 0-10km > 15 or 0-6 km > 12.5
CAPE (Jkg™1) > 250 > 250 > 250

6-10kmU (ms™') >16 > 16 -

850 hPa 6. (K) - - > 325

Area (%) >35 >5 >35

Based on the results in Sect. 3.2, merging together the areas that satisfied 0—10 km and 0-6 km shear thresholds produced
a larger region that also aligned more accurately with the derecho trajectories. Consequently, in the DEF criteria set, the two
shear parameters were combined into a single combined shear criterion which required either 0-10 km shear to exceed 15 m

1 since this

s~! or 0—6 km shear to exceed 12.5 m s~!. The 0—6 km shear threshold was increased from 12 m s~! to 12.5 m s~
change did not have a huge effect on the sizes of the areas satisfying the DEF criteria set during derechos, but it nevertheless
reduced the number of favorable days on which derechos did not occur.

Since Sect. 3.2 showed that particularly high 850 hPa 6. values were present along the trajectories, the 6-10 km U condition
used in the 10 km and 6 km criteria sets was replaced with an 850 hPa 6. threshold of 325 K. We also considered using
the difference of 6, at the surface and midtroposphere (A6, ) since it is considered as an indicator for damaging microbursts
(Atkins and Wakimoto, 1991). However, the variability between the cases was too high (from approximately 5 K to 25 K, not
shown), and therefore A6, was eventually not used. The variability in Af, in European derechos has also been found to be
high in other studies (e.g., Pilguj et al., 2025).

The CAPE condition in the DEF criteria set was implemented in the same manner as in the 10 km and 6 km criteria sets,
with the minimum threshold of 250 J kg_l. The combined shear, 850 hPa 6. and CAPE conditions were required to be satisfied
simultaneously at the same grid point. As in the 10 km criteria set, these conditions also needed to be met over at least 3.5 %
of the grid area. Compared to the 10 km and 6 km criteria sets in which the area thresholds were selected so that the criteria
sets were satisfied at least once on a derecho day, the DEF criteria set was required to be met at all three analyzed times. The
area fraction for the DEF criteria set could have been set higher if storm Verneri had been excluded. However, given the small
number of derechos observed in Finland, it was decided to not omit any event. The threshold values for the three sets of criteria

are summarized in Table 2.
4.3 Evaluation of criteria sets

Figure 4 shows the performance of all three criteria sets during storms Veera and Paula at the same analysis times as in Figs.

2 and 3 (performance during the 8 other events is shown in Figs. S9-S12). In both cases, all three criteria sets are satisfied in
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Figure 4. Areas satisfying each criteria set during the storms Veera (4 August 2010 at 12 UTC) in panel (a) and Paula (22 June 2021 at 12
UTC) in panel (b). Shades of gray indicate how many of the three criteria sets are met in each grid cell. The areas satisfying the 10 km criteria
set are outlined with red dotted lines, the 6 km criteria set with blue dashed lines and the DEF criteria set with gold solid lines. Aquamarine
circles indicate the approximate location of the systems at the times of the analyses and arrows point to the approximate movement of the

system during the following three hours.

sufficiently large areas in the surroundings of the observed locations of the derechos. During storm Paula, in particular, the area
where all three criteria sets are satisfied aligns well along the trajectory of the system (Fig. 4b).

In the case of storm Veera, a quite common problem for the 10 km shear criteria set arises: the satisfied area is more to the
left of the derecho trajectory than along it (Fig. 4a). The problem is even worse for storm Unto (Fig. S9a) as the region satisfied
by the 10 km criteria is ca. 150 km to the left of the trajectory due to weaker upper-level winds. Overall, the 10 km criteria
set aligns moderately with the path of the derecho in roughly 6 out of 10 events. However, this set fails in Unto (as mentioned
above) and Verneri (where the 10 km criteria were not fulfilled anywhere in the study area, Fig. S12b). Additionally, during
storms Lahja (Fig. S10b) and Aatu (Fig. S12a) the regions where the 10 km criteria set is satisfied are too far to the north.
Therefore, we can conclude that the 0—10 km shear threshold of 19.5 m s~ is too strict for some derechos, which relates to the
jet stream at 250 hPa being more leftward relative to the derecho’s trajectory. Hence, the area satisfied by the 10 km criteria is
generally smaller than for the other two criteria sets during the derechos.

The 6 km shear criteria set works better than the 10 km criteria set since the satisfied regions match better with the paths of
the derechos. Still, some limitations are obvious. Similarly as for the 10 km criteria, the regions satisfied by the 6 km criteria
during storm Aatu (Fig. S12a) are too much to the north due to the weaker midtropospheric winds (Sect. 3.2). Also, in the
outlier storm Verneri, it was only satisfied once per day (Fig. S12b). Furthermore, even though the satisfied regions during
storm Lahja were closer to the location of the system compared to the 10 km criteria (Fig. S10b), they were still slightly too
far to the north because the regions fulfilled by the 6-10 km U and CAPE thresholds did not coincide. Nonetheless, the 6 km

criteria set outperformed the 10 km criteria set as it was satisfied very well along the trajectories of the seven remaining cases.
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Figure 5. Performance of the criteria sets during the summer of 2010. Vertical bars in both panels indicate days when derechos occurred.
Panel (a) shows the fraction (%) of the grid area where each criteria set is satisfied. The red line represents the 10 km criteria set, the blue
line the 6 km criteria set, and the gold line the DEF criteria set. Data includes three time steps per day (12, 15, and 18 UTC), as described
in Sect. 2.4. Horizontal lines illustrate the area demands for each criteria set: 5 % for the 6 km criteria set (blue, dashed) and 3.5% for both
the 10 km (red, dashed) and DEF criteria sets (gold, dotted). Panel (b) presents the favorable days throughout the summer for each criteria
set, with conditions satisfied once per day (1pd), twice per day (2pd) and at all three times per day (3pd), illustrated with bold lines. Total

number of favorable days for each category is indicated on the left side of the panel.

The DEEF criteria set was developed to avoid the aforementioned issues, and it matched quite well with all 10 cases. However,
since the formation environments for derechos varied, it was not possible to achieve one perfect criteria set. For example, the
outlier storm Verneri was a tricky one to include in any criteria set. Additionally, in the near surroundings of storm Saima (Fig.
S9b), CAPE and 850 hPa 6. (Fig. S5(b,d)) were untypically low, although they were rapidly increasing along the trajectory.
Despite these minor problems, the DEF criteria set captured well the environments favoring derecho formation in Finland.

Figure 5 demonstrates the performance of all three criteria sets during the summer of 2010 which was an exceptionally warm
summer in Finland and resulted in four derecho days in a span of 1.5 weeks. The regions where the criteria sets are satisfied in
comparison to the grid area are quite high during the derecho days, especially for the 6 km and DEF criteria sets, with relative
area values exceeding 50 % during storms Veera and Sylvi (Fig. 5a). Overall, Fig. 5a shows that all criteria sets easily meet
the requirements for classification of a favorable day for derecho (recall Sect. 2.4), with conditions being satisfied at least once
per day (1pd) of the three analyzed times (12, 15 and 18 UTC). All of the criteria sets also satisfy the conditions at least twice
per day (2pd), but the 10 km criteria set is not satisfied at all three times (3pd) on the days of storms Asta and Lahja (Fig. 5b).
Storm Asta is the only event that occurred mostly during the night, and therefore the favorable conditions were present later
during the day compared to other events. For storm Lahja, the regions satisfying the 0—10 km shear and CAPE conditions did

not coincide well.
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Figure 6. As in Fig. 5 but for combinations of criteria within the DEF criteria set, with the dashed lines representing the DEF criteria set
excluding the 850 hPa 0 > 325 K condition (DEF-THE, purple), CAPE > 250 J kg_1 condition (DEF-CA, pink) and combined shear
condition (DEF-COM, black). The gold solid line shows the full DEF criteria set (DEF) as a reference.

From Fig. 5b, we can also determine how many favorable days each criteria set captures during the summer of 2010, with
conditions satisfied 1pd, 2pd and 3pd. The number of favorable days (/V) decreases when more times (pd’s) are required, as
expected. Nevertheless, N is much larger for all the criteria sets and pd’s than the number of derecho days (four). Nonetheless,
the summer of 2010 was indeed special due to its prolonged periods of warm and humid air mass being present in Finland.
During the time periods when the conditions were satisfied (e.g. in early/mid July), severe thunderstorms occurred in Finland,
but they were not classified as derechos.

During the other summers when derechos occurred (2002; Fig. S13, 2006; Fig. S14, 2021; Fig. S15, and 2022; Fig. S16),
N is clearly smaller than in the summer of 2010. For example, the DEEF criteria set finds only six favorable days for the 1pd
condition and four for both 2pd and 3pd from the summer of 2006 (Fig. S14). Nevertheless, there were also more derechos in
summer 2010 than on other summers, indicating that the prevalence of N is related to the frequency of derechos.

Since the DEF criteria set is the best suited for derechos in Finland, the impacts of its individual criteria conditions to N
are studied in more detail. Figure 6 illustrates how excluding one condition at a time from the criteria set affects the area of
satisfied conditions (a) and N (b) during the summer of 2010. From both panels, it can be determined that each individual
criterion has an effect on V. Despite the combined shear criterion (recall Sect. 4.2) being satisfied during most of the summer,
at least somewhere within the grid area (not shown), it still contributes to the DEF criteria set. In fact, the areas where the shear

criterion is satisfied do not necessarily match with the areas where the other conditions (CAPE and 850 hPa 6.) are fulfilled.
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Importantly, during the summer of 2010, the combined shear and CAPE conditions (DEF-THE) were quite often satisfied at
least once per day, but when they were demanded to be met at least twice per day, IV clearly decreased. This observation repeats
across all derecho summers (2002; Fig. S17, 2006; Fig. S18, 2021; Fig. S19, and 2022; Fig. S20). Furthermore, /N obtained
without the 6. condition is much higher compared to that obtained with the full DEF criteria, particularly during derecho
summers other than 2010 (S17-S20). Thus, it is not rare for shear and CAPE to meet their respective criteria conditions
simultaneously, but it is much less common that high values of shear, CAPE and 850 hPa 6. coexist for a prolonged time
period (> 3 h). These observations highlight the importance of 850 hPa 6, in the DEF criteria set and the presence of high 850
hPa 6. during derechos in Finland.

5 Trends in frequency of atmospheric conditions favoring derecho formation

In this section, the frequency of environments favoring derecho formation is analyzed by applying the criteria sets discussed
in Sects. 4.1-4.2 and using the trend analysis methods described in Sect. 2.4. The focus is mainly on determining whether
the frequency has changed during recent decades. The number of favorable days (V) for every summer within the 1940-2022
time range is shown in Fig. 7. It was obtained by applying each criteria set separately, with the conditions required to be
satisfied at least twice per day (2pd). Similar figures for at least once per day (1pd) and at all three times (3pd) cases are in the
Supplementary material (Figs. S21-S22).

The first observation from Fig. 7 is that the interannual variability in /N across all criteria sets is large, with N ranging, for
example, for the DEF criteria set from 0 to 23. Summers 1954, 1972, and 2010 stand out with particularly high N. To highlight
differences among the criteria sets, summer 1953 is found to be extremely favorable for derechos by the 10 km and 6 km
criteria sets with IV being 24 and 20, respectively, but the DEF criteria only captures 9 favorable days. Conversely, the DEF
criteria obtains 15 favorable days from summer 1988, while the 10 km and 6 km criteria sets are only satisfied on 8 and 7 days,
respectively.

Opposite to Fig. 5 in Sect. 4.3 where the DEF criteria set produced the highest N during summer 2010, it actually captures
the least N on average within the whole time range, again highlighting the unusualness of summer 2010. In fact, the DEF
criteria set identifies 5.2 favorable days on average per summer, whereas the 10 km and 6 km criteria sets obtain 9.0 and 7.1
days, respectively. For 1pd, the respective averages were 17.6 for the 10 km criteria set, 13.3 for the 6 km criteria set and 6.9
for the DEF criteria set. On the other hand, applying the 3pd condition decreased N with all criteria set as the averages were
4.5, 3.6 and 3.3 for the 10 km, 6 km and DEF criteria sets, respectively.

Linear regression lines were computed for all criteria sets for both the 1940-2022 and 1980-2022 time ranges (Fig. 7). The
key finding is that the trends are positive across all criteria sets (and ’pd’s”), for both 1940-2022 and 1980-2022. Even though
the trend slopes were significantly different from zero for only the 10 km criteria set (see Table 3), the fact that all slopes are
positive gives an indication that the atmospheric conditions favoring derecho formation have become more frequent during
recent decades. Furthermore, steeper slopes are observed for the 1980-2022 time range, during which the climate has clearly

become warmer (Lee et al., 2023). We can observe the trend also visually from 7-year moving averages, as the averages are
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Figure 7. Number of favorable days (V) per year, with conditions satisfied at least twice per day (2pd), obtained with the 10 km criteria set

(a, solid red line), 6 km criteria set (b, solid blue line) and DEF criteria set (c, solid gold line). Linear regressions are fitted to each panel for

both the 1940-2022 time range (gray dashed lines) and 1980-2022 time range (solid gray lines). The dotted lines represent 7-year moving

averages (7yr MA).

clearly higher during the last 25 years (1998-2022) than during the preceding 25 years (1973-1997). All the observations in

410 this paragraph are also true for the 1pd (Fig. S21) and 3pd (Fig. S22) cases.

The computed Pearson and Spearman correlations in Table 3 confirm the findings from Fig. 7. The correlations are not

strong, moderate at most, with statistically significant correlations ranging from 0.22 to 0.4. The fact that the correlations are

not strong and not always statistically significant is probably partly due to the high annual variability in N. This statement is

supported by the fact the Spearman correlations are in general higher than the Pearson correlations, as the rank-based Spearman

415 correlation is less sensitive to the spikes in the data than the linear Pearson correlation.
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Table 3. List of Pearson and Spearman correlations and their respective p-values for the 10 km criteria, 6 km criteria and DEF criteria sets,
with conditions satisfied either 1pd, 2pd or 3pd. Regarding the time ranges, 1940 marks the full 1940-to-2022 time range and ”1980” the
shorter 1980-t0-2022 time range. All correlations that are statistical significant (p-value less than 0.05) are bolded.

Criteria Pearson p-value Spearman p-value
10 km 1pd 1940 0.24 0.029 0.25 0.023
10 km 1pd 1980 0.33 0.03 0.34 0.027
10 km 2pd 1940 0.26 0.02 0.3 0.0064
10 km 2pd 1980 0.4 0.0077 0.39 0.0093
10 km 3pd 1940 0.22 0.043 0.37 0.00067
10 km 3pd 1980 0.29 0.056 0.36 0.019
6 km 1pd 1940 0.18 0.095 0.22 0.049
6 km 1pd 1980 0.28 0.065 0.29 0.057
6 km 2pd 1940 0.12 0.27 0.18 0.097
6 km 2pd 1980 0.25 0.11 0.3 0.048
6 km 3pd 1940 0.11 0.31 0.21 0.056
6 km 3pd 1980 0.079 0.62 0.17 0.27
DEF 1pd 1940 0.12 0.27 0.12 0.28
DEF 1pd 1980 0.28 0.07 0.32 0.039
DEF 2pd 1940 0.15 0.17 0.14 0.2
DEF 2pd 1980 0.27 0.076 0.35 0.022
DEF 3pd 1940 0.15 0.16 0.19 0.088
DEF 3pd 1980 0.19 0.22 0.31 0.042

While the correlations obtained applying the 10 km criteria set are mostly statistically significant, the correlations obtained
with the 6 km or DEF criteria sets are commonly not. However, all Spearman correlations calculated for the shorter time range
with the 2pd condition are statistically significant, ranging from 0.3—0.39. The correlations also confirm that the trends within
the 1980-2022 time range are generally stronger than within the 1940-2022 time range, although this statement is not robust
for the 6 km and DEEF criteria sets due to lack of statistical significance.

As N is highly variable, the correlations and their statistical significance might depend on the start year of the trend analysis.
Since the choice of 1980 as a start year is somewhat arbitrary, we also computed the mean Spearman correlation and p-value
for trend analysis from different start years within 1975-1985 (mean of 11 time ranges in total). The averages of these statistics
are very similar to those obtained with 1980 as the start year. For example, an average Spearman correlation of 0.35 (same as
for 1980) and p-value of 0.04 were calculated for the DEF 2pd case.

When analyzing the trends in environments favoring derecho formation, it is necessary to keep in mind the performance of

each criteria set. Although the 10 km criteria set produces the strongest trends, it was the worst performing criteria set, as noted
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Figure 8. Similar to Fig. 7 but for the same criteria combinations within the DEF criteria as in Fig. 5. The corresponding linear regression

lines for the 1980-2022 period are drawn with dash-dotted lines.

in Sect. 4.3, which decreases the validity of the trends. On the other hand, the 6 km criteria set was satisfied in all cases other
than storm Verneri when applying the 2pd condition, and it matched better with the trajectories than the 10 km criteria set, but
it produces only one statistically significant correlation. The DEF criteria set satisfied all 10 events even when using the 3pd
condition and matched relatively well with the trajectories of all cases. Crucially, all the Spearman correlations are statistically
significant for the shorter (1980-2022) time range when applying the DEF criteria set. This observation allows us to state with
a relatively strong confidence that the conditions favoring derecho formation have become more frequent during the era of
global warming.

Similarly as done for the summer of 2010 in Sect. 4.3, impacts of the individual criteria conditions within the DEF criteria
set to the trends are also assessed. Figure 8 shows that when the 850 hPa 6. condition is left out from the DEF criteria set
(DEF-THE), it produces clearly higher N than the full DEF criteria set. Thus, the 850 hPa 6, condition dominates in the DEF
criteria set, something which was not evident from Fig. 6. Despite this dominance, all conditions still contribute to the DEF
criteria set, similarly to the summer 2010. For example, the combined shear condition is satisfied somewhere within the grid
area during most of the summers (not shown), but still it has an impact to the DEF criteria set as a higher N resulted from the
criteria set excluding the combined shear condition (DEF-COM) than from the full DEF criteria set.

The linear regression lines in Fig. 8 for the 1980-2022 time range reveal that the frequency of the combined shear and 850
hPa 6, conditions (DEF-CA) co-occurring has increased the most, by nearly 200 %. Conversely, the occurrence of the full DEF
criteria has increased less than its stripped versions.

Based on the Pearson and Spearman correlations, the 1980-to-2022 frequency trends for all the DEF criteria combinations
are statistically significant, except for the DEF-THE 1pd case, as shown by Table 4. The contrast between the two time ranges
in Table 4 is even larger than for the full DEF criteria set in Table 3. The most striking difference is observed when the com-
bined shear condition is excluded from the DEF criteria set (DEF-COM). While the shorter 1980-to-2022 time range presents

moderate (0.33-0.41) statistically significant correlations, the longer 1940-to-2022 time range shows very weak correlations
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Table 4. Similar to Table 3 but for the same criteria combinations within the DEF criteria set as in Figs. 6 and 8.

Criteria Pearson p-value Spearman p-value
DEF-THE Ipd 1940 0.22 0.05 0.24 0.028
DEF-THE Ipd 1980 0.31 0.046 0.29 0.063
DEF-THE 2pd 1940 0.22 0.042 0.24 0.032
DEF-THE 2pd 1980 0.36 0.018 0.37 0.014
DEF-THE 3pd 1940 0.27 0.013 0.29 0.009
DEF-THE 3pd 1980 0.31 0.045 0.32 0.036
DEF-CA 1pd 1940 0.18 0.096 0.16 0.15
DEF-CA 1pd 1980 0.39 0.0089 0.42 0.0051
DEF-CA 2pd 1940 0.2 0.072 0.17 0.13
DEF-CA 2pd 1980 0.39 0.011 0.38 0.012
DEF-CA 3pd 1940 0.21 0.053 0.19 0.081
DEF-CA 3pd 1980 0.38 0.012 0.4 0.0072
DEF-COM 1pd 1940 0.14 0.19 0.12 0.3
DEF-COM 1pd 1980 0.36 0.017 0.38 0.012
DEF-COM 2pd 1940 0.13 0.25 0.1 0.36
DEF-COM 2pd 1980 0.35 0.023 0.41 0.006
DEF-COM 3pd 1940 0.15 0.16 0.12 0.26
DEF-COM 3pd 1980 0.33 0.028 0.4 0.0072

that are not statistically significant. Therefore, environments where higher values of both CAPE and 850 hPa 6. coexist have

clearly become more common during recent decades.

6 Discussion

To assess the trustworthiness and usefulness of the results, a few potential sources of error are discussed here. Even though
the ERAS reanalysis is generally regarded as the most accurate global reanalysis currently available, it still has its limitations
in representing the atmosphere correctly. For example, ERAS has been observed to underestimate CAPE, especially when
considering extreme values (Taszarek et al., 2021). However, since our criteria sets used a relatively low CAPE threshold value
(250 J kg~1), the potential errors in the larger values of CAPE, and ERAS overall, are unlikely to have a large impact on the
results.

While one of the main goals of this study was to determine the atmospheric environments favoring derecho formation, the
three criteria sets we created to capture them have their limitations as well. The 10 km and 6 km criteria sets were not satisfied

throughout the lifetime of the systems and not necessarily on the paths of the derechos. As for the DEF criteria set, derechos in
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Finland occurred in varying atmospheric conditions. Therefore, to include all derechos in our criteria sets, the threshold values
had to be set relatively low. Hence, our criteria sets also captured many days in which derechos were not observed.

The biggest problem we faced in this study was the small number of derechos in Finland. The lack of observed derechos
means we cannot expect that these criteria sets will capture all future derechos occurring Finland. Thus, some derechos will
likely form in atmospheric environments that do not satisfy the criteria sets we have presented here.

To reduce the number of favorable days which did not produce derechos, we tried a stricter criteria set that was only satisfied
in a couple of more evident derechos (events which satisfied the criteria sets easily: Asta, Veera and Sylvi). As expected, N
was clearly reduced, but the reduction led to insufficient sample size of N to perform the trend analysis. Furthermore, all of
our events produced severe damage, and a few of the other cases produced even more damage than those in the more evident
derechos category. Therefore, this stricter criteria set was abandoned and not discussed in detail here.

Despite the aforementioned uncertainties, the results are still remarkable. Although the trends in the frequency of derecho-
favoring environments were not strong nor always statistically significant, they were positive for all our methodological choices
and both the 1940-2022 and 19802022 periods which is a crucial sign of a positive trend. Moreover, small modifications were
applied to the criteria sets (not shown) to test the sensitivity of the trends. For example, we slightly lowered and increased the
threshold values within each criteria set. Again, all of the slightly modified criteria sets produced only positive trends. The
fact that all of the correlations and slopes were positive, and they were not very sensitive to small modifications to the criteria
sets strongly suggest that the environments favoring derecho formation in Finland have become more frequent during recent
decades. These results are also in line with the results of Hoeppe (2016) who discovered that the convective storms and their
associated financial losses have clearly increased during recent decades in Europe.

The presence of high 850 hPa 6, during derechos in Finland seems to be crucial based on Sect. 3.2. Since the frequency of
days that fulfill the 850 hPa 6, criterion shows a highly significant positive trend from 1980 to 2022 (e.g., Pearson correlation
of 0.49 with the p-value of 0.0008 using the 2pd condition, not shown), occurrence of particularly high 850 hPa 6. looks
continuously more likely in Finland as the climate warms up. This finding is supported by the moderate linear trend (0.7 K
(10 yr)~1) for the yearly summer mean 850 hPa 6, over the grid area within 1980-2022 (Pearson correlation of 0.43 with the
p-value 0.004). Both of these aforementioned 6. trends further strengthen the expectation for environments favoring derecho
formation becoming more frequent also in the future.

Derecho-favoring environments may also become more common across Europe in general. For example, Ridler et al. (2019)
found that convective storms in Europe are projected to increase in frequency based on an ensemble of 14 regional climate
simulations. This predicted increase in activity comes mainly from the increasing convective instability caused by increasing
near-surface absolute humidity, which in turn comes from increasing evaporation over warming water surfaces (Picik et al.,
2017). Conversely, the polar jet stream is predicted to weaken due to the Arctic amplification (Coumou et al., 2018). This
weakening would result in a decrease in the deep-layer shear which, on the other hand, could reduce the occurrence of favorable
derecho environments. Yet, it has also been found that this weakening of the jet will make the jet stream to become more wavy,
and therefore the number of persistent weather patterns is expected to increase (Radler et al., 2019). As discovered in Sect.

3.1, derechos tend to form in Finland when a persistent wavy jet pattern advects warm and moist air from southern Europe,

22



500

505

510

515

520

525

https://doi.org/10.5194/egusphere-2026-1174
Preprint. Discussion started: 25 March 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

resulting in very high 6, values. Thus, the Arctic amplification might increase rather than decrease the likelihood of derecho
formation.

In a study of a single derecho in midwestern United States, it was found that if the same event were to occur at the end of
this century, its intensity in terms of maximum wind gusts might not be stronger than today, but the associated damage area
could increase up to 50-100 %, primarily due to the increasing latent instability (Lasher-Trapp et al., 2023). Yet, the frequency
and intensity of derechos in the future remain uncertain. To investigate the matter further, it would be vital to perform a
follow-up study which focuses on determining how the frequency of derecho-favoring environments changes before the end
of this century using climate model simulations. Furthermore, the framework of our criteria sets, particularly the Derecho-
favoring environments in Finland (DEF) criteria set, can be applied to any other regions in Europe. With local adaptations to
the threshold values based on regional derecho climatology, our approach could be used to study the changes of the frequency

of derecho-favoring environments in Europe both in the past and future.

7 Conclusions

In this study, the formation environments of 10 derecho-type events in Finland were examined using ERAS reanalysis. It was
identified that derechos in Finland developed and moved under a strong midtroposperic jet, with the derecho located on the
right-hand side of an upper-level jet streak, commonly near the right jet entrance region. In these environments, deep-layer
vertical wind shear was moderate, and the lower troposphere was particularly warm and moist due to a southerly flow pattern.

Three sets of criteria were developed to capture the mesoscale environments favoring derecho formation in Finland. While
the 6 km and 10 km criteria sets were mostly based on findings of kinematic parameters from US derechos, the Derecho-
favoring environments in Finland (DEF) criteria set was tailored based on the local environments in which the 10 derecho
events occurred in Finland. The 10 km and 6 km criteria sets composed respectively of 0—10 km and 0—6 km vertical wind
shear proxies, and they both also included 6-10 km layer mean wind speed and convective available potential energy (CAPE).
The DEF criteria set was built on 850 hPa equivalent potential temperature (6.), with 6, exceeding a very high value of 325 K
along the trajectory of each derecho event. In addition to the 6, criterion, the DEF criteria used the same CAPE condition as
the two aforementioned criteria sets and a combination of 0—6 km and 0—10 km shear proxies. Applying 6, criterion decreased
the number of favorable days to be closer to the observations of derecho occurrence in Finland.

For each of the parameters in the criteria sets, a threshold value was set. While the threshold values for the 6-10 km layer
mean wind speed, 0—6 km and 0-10 km shear in the 6 km and 10 km criteria sets were derived from the literature, the
CAPE condition was defined based on the minimum value encountered along the trajectories of derechos in Finland. For the
DEF criteria set, the threshold values derived from literature were adjusted to match better with the conditions present during
derechos in Finland. All individual criteria conditions within each criteria set were required to be met at the same grid point
and over a sufficiently large area to classify the day as favorable for derecho formation. The area threshold for each criteria set
was set as high as possible such that the 10 km and 6 km criteria were still satisfied at least once among the three analyzed

UTC times and the DEF criteria set at all three times on derecho days. Furthermore, since derechos are relatively long-lasting
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530 events, the persistence of the favorable conditions was assessed by examining whether the conditions were satisfied on more
than one time step per day.

The 6 km criteria set matched clearly better with the derecho trajectories than the 10 km criteria set, but the DEF criteria
set clearly outperformed the other two, satisfying all 10 events quite well on, or at least near. This result was unsurprising as
the DEF criteria set was tailored to Finnish derechos. Even though the criteria sets were made to represent the atmospheric

535 conditions during derechos in Finland, particularly the DEF criteria set can also be adapted for derecho research elsewhere by
modifying the threshold values to better match the local environments in which derechos tend to develop.

In addition to the development of the criteria sets, they were used to analyze recent trends in the frequency of occurrence of
derecho favoring conditions in Finland. It was found that derecho-favoring environments have become more common within
the 1980-2022 period, although the trends were not particularly strong compared with the large interannual variability. Nev-

540 ertheless, our results suggest that derechos are likely to become even more frequent in the future due to intensifying climate
change, at least in Finland but potentially also generally in Europe. However, further research is needed to confirm this hypoth-

esis.
Appendix A

Table A1l. Presence of synoptic-scale features discussed in Sect. 3.1 for all studied derecho events throughout their lifetime. An ”X” marks
that the feature is present, ”’(X)”” denotes cases where its presence is uncertain or arguable, and blanks indicate that the feature is absent. The
assessments can be partly inferred from the figures, with storms Unto and Saima shown in Fig. S1, Asta and Lahja in Fig. S2, Sylvi and Ahti
in Fig. S3, Aatu and Verneri in Fig. S4, and Veera and Paula in Fig. 2. Note that some of these classifications may have been affected by

subjective interpretation.

Unto Saima Asta Veera Lahja Sylvi Ahti Paula Aatu Verneri

Cut-off low over Europe X) X) X) X X X X X X

Derecho in a right (250 hPa) jet entrance  (X) X) X) X X) X) X X X X)
500 hPa WS > 20 ms™* X X X X X X

500 hPa jet maximum behind the system X X X) X X X X X) X)
High over Russia X X X X X X X X X X

Surface low center over the Nordics X X X X X X X X X

Code and data availability. ERAS reanalysis data is available for download from the Copernicus Climate Change Service (Hersbach et al.,
545 2017). Example Python code used in this study to process ERAS data can be accessed in a Zenodo repository (Rantala, 2026,
https://doi.org/10.5281/zenodo.18656994)
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