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Thunderstorms are the most hazardous meteorological phenomena in the summer season 
in Latvia. However, so far not much has been known about the climatic characteristics of 
thunderstorm distribution and intensity in the country, and how these have changed with 
changing climate. Therefore, the aim of this study was to analyse the spatial and tempo-
ral distribution of thunderstorms in Latvia during the period 1960–2015 by using surface 
observation data from 14 major weather stations. To assess the severity of thunderstorms 
and suitability of the existing warning system, the frequency and distribution of thunder-
storm intensities according to the national warning and hazard criteria was analysed. The 
results of our analysis show significant decrease in thunderstorm frequency in Latvia since 
1960, however indicators of an increase in thunderstorm severity were also found, which 
reveals and emphasizes the complex nature of convective atmospheric phenomena also on 
climatic scales.

Introduction

Severe weather associated with thunderstorms 
poses a significant threat to life, property and 
economy. Hence, detailed knowledge of the 
occurrence of thunderstorms and their character-
istics is important (Doswell et al. 1990, Parsons 
2015, Wapler and James 2015). Severe thun-
derstorms have been observed in every coun-
try in Europe, and their better documentation 
in recent years has improved the awareness 
of the threats associated with severe thunder-
storm events. However, the number of studies on 
severe thunderstorm behaviour in changing cli-
mate is limited. Current predictions of how envi-
ronments will change as the planet warms are 

that increasing surface temperature and bound-
ary layer moisture will result in increased atmos-
pheric instability and decreased wind shears due 
to a decrease in the equator-to-pole temperature 
gradient (Brooks 2013, Collins et al. 2013). 
Even though these predictions are supported by a 
majority of climate model simulations, there are 
objections to using the recent climate variations 
as a base for modelling future changes associ-
ated with the effect of atmospheric greenhouse 
gases (Price 2009, Zwiers et al. 2013).

The effects of severe thunderstorms on society 
can be mitigated by developing warning systems 
based on assessments of the dependence of risks 
associated with severe thunderstorms on the cli-
matological probability of the event to occur and 
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also on how well the society is prepared to handle 
the event once it occurs (Rauhala and Schultz 
2009). Numerous hazards that lead to fatalities, 
injuries, property damage, economic disruptions 
and environmental degradation are associated 
with convection. Such hazards belonging to a 
group called small-scale severe weather phenom-
ena include hail, lightning, straight-line winds, 
tornadoes and heavy rainfall (Doswell et al. 1990, 
Dotzek et al. 2009, Zwiers et al. 2013, Parsons 
2015, Czernecki et al. 2016). They occur widely, 
but are often short-lived and local in extent, so it 
is difficult to study them and establish their cli-
mate patterns. It is also very difficult to determine 
how many are missed and not recorded within 
meteorological observation networks, particularly 
in less populated areas (Burroughs 2003). In addi-
tion, accurate prediction of convective weather 
and hazards associated with it includes some very 
specific challenges: small-scale spatial distribu-
tion and short life span are limiting factors in pre-
dicting individual convective cells with numerical 
models, meaning that in practice those hazards are 
often nowcast using observations (Parsons 2015). 
Thus, the importance of convection in predicting 
weather events and the climate system, together 
with impacts of convective events on society, 
have resulted in an extensive scientific literature 
on convection and convective processes (Zwiers 
et al. 2013, Parsons 2015, Felgitsch and Grothe 
2015, and references therein).

An opportunity to advance research on con-
vective processes and develop effective national 
warning systems is the existence of easily acces-
sible archives that contain multi-year data that 
allow for statistical analyses of convective sys-
tems (Parsons 2015). In recent years, the number 
of reported severe convection events has risen 
largely because of the increased ability to detect 
them using radar and satellites, as well as thanks 
to volunteer observers. Increased ability to 
observe these short-lived, small-scale phenom-
ena is contributing to the compilation of stable, 
credible climatologies that in future years should 
give rise to better warning systems (Burroughs 
2003). However, at the moment the body of 
knowledge that is available globally on changes 
in severe thunderstorm frequency and intensity 
remains limited, which is in part due to the avail-
able data being inhomogeneous in time because 

of changes in reporting practices and effective-
ness of detection, as well as changes in popula-
tion and public awareness (Zwiers et al. 2013). 
Observations of thunderstorms by humans are 
the oldest available records of convective activi-
ties, and therefore for the last two decades, the 
main climatological research on thunderstorm 
spatial and temporal distributions and variability 
was based on visual observations performed at 
the meteorological observation stations (Bielec-
Bakowska 2003, 2013, Enno et al. 2013). During 
the past decade, rapid advances in technology 
allowed for remote sensing observations — such 
as lightning location data (Novak and Kyznarova 
2011, Mäkelä et al. 2014, Czernecki et al. 2016), 
Doppler radar measurements (Kaltenboeck and 
Steinheimer 2015) and meteorological satellite 
observations (Dotzek and Forster 2011) — to 
be used in studies. These sources of information 
undoubtedly give a more detailed insight in the 
atmospheric conditions favourable for the devel-
opment of thunderstorms and also the common 
features associated with thunderstorm events of 
different severity. However, as those measure-
ment methods have been used for a relatively 
short time, data series are too short to be used in 
analysis of thunderstorm climatology and thun-
derstorm behaviour in changing climate.

Thunderstorms are the most hazardous mete-
orological phenomena in Latvia in the summer 
season, and the assessment of their climatic char-
acteristic is essential for the development of an 
effective national climate and weather prediction 
service. Recent study of thunderstorm climatol-
ogy in the Baltic countries (Enno et al. 2013) 
demonstrated the characteristics of the spatial 
distribution of thunderstorms in Latvia, their 
duration and time of occurrence, while another 
study (Enno et al. 2014) focused on assessing the 
long-term trends in thunderstorm frequency and 
atmospheric circulation patterns associated with 
thunderstorm occurrence. So far, however, not 
much is known about the climatic characteristics 
of thunderstorm intensity in Latvia, and how 
it has changed since the end 19th century, and 
particularly during the years studied here, as a 
result of changing climate. The National Mete-
orological Service (NMS) of Latvia is managed 
by the Latvian Environment, Geology and Mete-
orology Centre (LEGMC), which is responsible 
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for monitoring of and warning against severe 
weather events, including thunderstorms. The 
thunderstorm warning criteria used by LEGMC 
in the past and now are based on intensity of 
wind gusts, amount of accumulated precipitation 
and intensity of hail.

The aim of this study was (1) to analyse spa-
tial and temporal distributions of thunderstorm 
frequency and intensity in Latvia during the 
period 1960–2015 by using surface observation 
data from 14 major weather stations; and (2) to 
assess the severity and possible effects of thun-
derstorms by studying frequency and distribu-
tion of thunderstorm intensities according to the 
national warning and hazard criteria. The results 
of the current study highlight the areas prone to 
severe thunderstorms and assess the climatologi-
cal representability of the currently used thun-
derstorm warning criteria in Latvia.

Data

Analysis of thunderstorm occurrence and haz-
ardous weather phenomena associated with 
thunderstorms was performed by analysing the 
long-term data obtained from 14 major meteoro-
logical observation stations run by LEGMC. The 
data included daily observations of thunderstorm 
and hail events, daily amount of precipitation, 
daily mean wind speed and daily maximum wind 
gusts for the period 1960–2015 (1966–2015 for 
wind parameters). Majority of the observational 
data were obtained from the electronic meteoro-
logical data observation database maintained and 
managed by LEGMC, while observational data 
on atmospheric phenomena up to the year 1987 
were obtained from the data archive where they 
were stored in form of printed monthly bulletins. 
The selection of meteorological observation sta-
tions used in the study was made based on two 
main criteria: (1) availability and completeness 
of observational data, and (2) quality of the data, 
i.e., were the measurements supervised through-
out the whole period diminishing possible inho-
mogeneities in the data records due to changes in 
observation methodologies. After selecting the 
observation stations to be included in the study, 
the obtained data series underwent a quality con-
trol, such as looking for outliers of more than 4 

standard deviations from the mean. As a result, 
corrupt or questionable data were excluded from 
the analysis. Data homogeneity assessment was 
also carried out by applying expert evaluation 
approach and spatial inter-comparison of param-
eter values and their dynamics. Similarly to the 
results of homogeneity testing performed by 
Enno et al. (2013), we concluded that the identi-
fied inhomogeneities were associated with natu-
ral factors rather than methodology. For instance, 
in 2010, one of the highest annual numbers of 
thunderstorms were observed in the country, 
resulting in the occurrence of outlier values and 
shifts in the statistical distribution of the time 
series.

The meteorological stations used in this study 
are evenly distributed throughout the country 
(Fig. 1 and Table 1) thus providing the oppor-
tunity to study the characteristics of the spatial 
distribution of thunderstorm events. However, 
specific areas, such as the southeastern regions 
of Latvia, are poorly covered by the surface 
observation network and therefore for the assess-
ment of local features in the distribution of thun-
derstorms, data interpolation on a 1 ¥ 1 km grid 
was performed.

Methods

Thunderstorm frequency and intensity

To study thunderstorm climatology in Latvia 
thunderstorm days were defined as calendar days 
with at least one thunderstorm event observed 
at any meteorological station. To evaluate thun-
derstorm severity, occurrence and intensity of 
additional meteorological parameters on the 
identified thunderstorm days was used. As men-
tioned before, the national thunderstorm warning 
scale (green, yellow, orange and red) is based 
on such parameters as hail intensity, wind gusts 
and precipitation amount, and is in line with 
the Meteoalarm warning levels (see http://www.
meteoalarm.eu/?lang=en_UK and also http://
www.meteo.lv/en/bridinajumi/?nid=679). Due to 
peculiarities in the available long-term archived 
data on atmospheric phenomena in Latvia, such 
as the temporal resolution of archived data and 
approach to data archiving, for the climato-
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logical analysis of thunderstorm day severity a 
slightly different approach regarding severity 
criteria was used (Table 2). To assess hazardous 
weather phenomena observed on thunderstorm 
days, the daily accumulated precipitation amount 
and maximum wind gusts were used as criteria. 
Due to a relatively small number of hail events 
found in the historical data, all recorded hail 
events were attributed to the yellow, orange or 
red severity level regardless of the hail diameter.

In both approaches, severity levels were 
applied only to cases in which precipitation and/
or hail and/or wind gusts were observed at the 
same meteorological observation station as the 
thunderstorm itself. Taken into account the spa-
tial extent of a thunderstorm cloud system, this 
approach might lead to underestimated thunder-
storm intensity, since the observer might register 
a thunderstorm that is not located directly above 
the station, and thus the associated hazardous 

Table 1. Characteristics of the meteorological stations and coverage of the available observation data used in the 
study.

 Meteorological station Data coverage
 

Name (abbreviation) Elevation (m a.s.l.) Thunderstorms Hail Precipitation Wind gusts

Aluksne (Al) 196.67 1960–2015 1960–2015 1960–2015 1966–2015
Daugavpils (Da) 129.90 1960–2015 1960–2015 1960–2015 1966–2015
Dobele (Do) 42.00 1960–2015 1960–2015 1960–2015 1966–2015
Kolka (Ko) 4.10 1960–2015 1960–2015 1960–2015 1966–2015
Liepaja (Li) 3.54 1960–2015 1960–2015 1960–2015 1966–2015
Mersrags (Me) 4.60 1960–2011 1960–2011 1960–2011 1966–2011
Priekuli (Pr) 121.90 1960–2011 1960–2011 1960–2011 1966–2011
Riga (Ri) 6.00 1960–2015 1960–2015 1960–2015 1966–2015
Rujiena (Ru) 67.55 1960–2011 1960–2011 1960–2011 1966–2011
Skriveri (Si) 79.45 1960–2015 1960–2015 1960–2015 1966–2015
Skulte (Sk) 7.50 1960–2011 1960–2011 1960–2011 1966–2011
Stende (St) 79.80 1960–2011 1960–2011 1960–2011 1966–2011
Venstpils (Ve) 1.69 1960–2015 1960–2015 1960–2015 1966–2015
Zoseni (Zo) 187.54 1960–2015 1960–2015 1960–2015 1966–2015
Mean for Latvia (LV)  1960–2015 1960–2015 1960–2015 1966–2015

Fig. 1. Location of the 14 
meteorological stations in 
Latvia.
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phenomena might also take place outside the 
observation site and vice versa. Another aspect 
to be considered was the temporal resolution of 
the historical data used: namely, daily values 
of parameters and their combinations might 
not directly represent individual thunderstorm 
events, resulting in overestimated thunderstorm 
day severity levels during particular events.

By applying the described criteria, we devel-
oped and analysed a thunderstorm day severity 
database, presenting both the spatial distribution 
and frequency of thunderstorm days of different 
severity levels in the country.

Trend analysis

For the identification and assessment of long-
term trends in the data series the non-paramet-
ric Mann-Kendall test (Libiseller and Grimvall 
2002, Salmi et al. 2002, Mondal et al. 2012, 
Gonzales-Inca et al. 2016) was applied. This test 
is widely used to detect trends in environmental 
data: since it is based on ranks rather than the 
values, it is also less sensitive to extreme values 
and not affected by the data distribution (Smith 
2000, Mondal et al. 2012, Blain 2015, Gonzales-
Inca et al. 2016). The test assumes a monotonic 
trend and depends on the length of the analysed 
time-series (Yu et al. 1993). To identify trends in 

thunderstorm variables and their spatial distribu-
tion in Latvia, we applied the Mann-Kendall test 
separately to each variable at each site. The trend 
was considered statistically significant if the test 
statistic was greater than 1.96 or smaller than 
–1.96.

Gust factor indicator

To assess gustiness of convection-related wind 
events, the gust factor G was calculated from 
the daily mean wind speed U and the maximum 
wind gust Ug as G = Ug/U (Choi and Hidayat 
2002, Jungo et al. 2002). The gust factor was 
calculated for the three following periods: (1) 
whole year, (2) days with no thunderstorms 
between April and October, and (3) days with 
thunderstorm between April and October. The 
results obtained this way highlight both the sea-
sonal and spatial distribution of thunderstorm-
related gustiness in the prevailing wind field.

Spatial interpolation

We also studied spatial distribution of thun-
derstorm days in the country to identify local 
features and risk-prone areas. To this end, the 
data obtained from the stations were subjected 

Table 2. National thunderstorm warning levels and thunderstorm severity levels used in this study.

 Hail diameter Precipitation Maximum wind
  accumulation (mm) gusts (m s–1)
  during 12 h

Thunderstorm warning level
 Green No hail < 15 < 15
  Yellow  No hail or hail with diameter ≤ 5 mm  < 15  15–19
 Orange Hail diameter 6–19 mm 15–49 20–24
  Red  Hail diameter ≥ 20 mm  ≥ 50   ≥ 25

 Hail Precipitation Maximum wind
  accumulation (mm) gusts
  during 24 h

Thunderstorm severity level
 Green No hail < 15 < 15
 Yellow Hail of any diameter < 15 15–19
 Orange Hail of any diameter 15–49 20–24
  Red  Hail of any diameter  ≥ 50  ≥ 25
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to spatial interpolation on a 1 ¥ 1-km grid. 
Kriging with external drift interpolation routine 
(Hengl 2009) was applied to the data series. This 
routine, which is a very common interpolation 
method for various applications in meteorology, 
uses a regression model as part of the Kriging 
process to model the mean value expressed as a 
linear trend. For the interpolation of observation 
data the R package gstat was used (https://cran.r-
project.org/web/packages/gstat/gstat.pdf).

Based on the climatic, geographic and oro-
graphic characteristics of the country and trials 
of different interpolation approaches, the grid 
mean elevation of a 5 ¥ 5 km moving window, 
geographic coordinates, distance from the Gulf 
of Riga and the Baltic Sea and Gams’ conti-
nentality index were chosen as the explana-
tory variables for the interpolation of multi-
year values of thunderstorm-related parameters 
(Fig. 2). The continentality index was calculated 
by using meteorological observations from 77 
meteorological stations in Latvia from the period 
1971–2000 and clculated with the R package 
ClimClass (https://cran.r-project.org/web/pack-
ages/ClimClass/ClimClass.pdf). Such combina-
tion of explanatory variables showed the highest 
accuracy of the interpolation routine: the maxi-
mum obtained errors for the minimum, mean and 
maximum values of thunderstorm day frequen-
cies was between 0.1 and 0.4, while the RMSE 
(root mean squared error) did not exceed 0.04 
to 0.13.

Thus, given the accuracy of the interpolation 
routine and increased precision of the obtained 
spatial maps, we found the produced results reli-
able and useful for a meaningful spatial analysis 
of thunderstorm events in the country. However, 
as only data obtained from the Latvian observa-
tion network were used in this study, the results 
for the country border areas, especially along the 
eastern border, might be biased.

Results and discussion

Thunderstorm day frequency

In Latvia thunderstorms can occur at any time 
of the year, however the majority takes place 
between May and September (see Fig. 3). During 

the period of increased thunderstorm activity 
there are on average three to five thunderstorm 
days in the country, but during favourable years 
thunderstorm frequency can increase up to 5–6 
days. The two months with the highest annual 
thunderstorm day frequency are July (2.9 to 6.6 
days) and August (3.5 to 4.8 days). In August, 
thunderstorm days tend to be most frequent also 
in years with relatively low annual number of 
thunderstorms. These results are in line with the 
findings of Enno et al. (2013): at most of the 
weather stations thunderstorm days have been 
most frequent in July. However, at the stations 
closest to the Baltic Sea, the maximum thunder-
storm day occurrence shifted to August, while in 
Daugavpils and the eastern parts of Lithuania a 
local maximum in June can be observed. Such 
distribution might in part be explained by the 
atmospheric circulation conditions favourable 
for the occurrence of thunderstorms as in the 
Baltic states they are most common during E, 
SE, S, SW and cyclonic flows (Enno et al. 2014).

The annual number of thunderstorm days in 
the country varied from 14.5–16.4 in the coastal 
areas to 23 on in the highland areas of the eastern 
part of the country (Fig. 4). Very similar values 
were obtained by Enno et al. (2013): 14–24 
thunderstorm days in the period 1951–2000 by 
using monthly thunderstorm observation data. 
A distinct increase in the thunderstorm day fre-
quency from the coastal areas toward inland was 
identified also in Poland, where, however, the 
annual number of thunderstorm days is on aver-
age higher than in Latvia and can exceed 30 days 
per year in the southern part of the country and 
the Tatra Mountains (Bielec-Bakowska 2003, 
2013). In Latvia, during the years with increased 
occurrence of thunderstorms, the maximum 
thunderstorm day frequency per year exceeded 
the long-term mean values reaching 26–46 days. 
Years with an increased thunderstorm activity 
were found mainly during the first part of the 
studied period: 21 (Liepaja) and 46 (Priekuli) 
thunderstorm days in 1961, 19 (Skulte) and 41 
(Rujiena) days in 1963; and 17 (Ventspils) and 
37 (Priekuli and Riga) days in 1972. However, 
also during the recent decades there were years 
when thunderstorm days were considerably more 
numerous than the long-term mean: for instance 
in 2010 there were 21 to 39 thunderstorm days 
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Fig. 2. Explanatory variables used in the interpolation routine: mean elevation (m a.s.l.) of 5 km2 moving window 
and Gams’ continentality index; X and Y coordinates in LKS-92 TM.
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Fig. 3. Frequency of thun-
derstorm days in Latvia 
during 1960–2015.
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in Riga and Aluksne, respectively (Fig. 5). The 
spatial distribution of maximum thunderstorm 
day frequencies reveals similar characteristics 
to that of the long-term means, pointing out the 
eastern highland areas as places where thunder-
storms may appear more often. During 1960–
2015, there were also periods with relatively 
low thunderstorm activity such as 1990–1994 
with as little as 4–16 thunderstorm days in 1994 
recorded in the country.

Thunderstorm day frequencies varied greatly 
among the 14 weather stations included in our 
study (see Figs. 4 and 6). and some data were 
initially classified as outliers. During the qual-
ity control however, these values were reas-
sessed and identified as correct, which indicates 
that exceptional values characterising rare and 
extreme events should be retained in the analysis 

to account for considerable temporal and spatial 
variability in the distribution of thunderstorm 
days. Also, skewness of the data from nine 
weather stations was positive, indicating a shift 
towards greater values.

Hazardous meteorological phenomena 
observed on thunderstorm days

Hail is frequently associated with thunder-
storm events, however, due to its local nature, 
it is poorly represented in the long-term data of 
the traditional meteorological stations. There-
fore, according to the long-term data records in 
Latvia, hail was observed at the official obser-
vation sites on only 0.3–1.1 thunderstorm days 
per year (Fig. 7). The majority of the observed 

Fig. 4. Thunderstorm day frequency and variability in Latvia during 1960–2015. Top panels: minimum and maxi-
mum annual number of thunderstorm days; bottom panels: mean annual number of thunderstorm days and vari-
ability in annual thunderstorm day frequency expressed as standard deviation.
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hail events on thunderstorm days occurred in 
the central part of the country, where they might 
be associated with the lake-effect phenomenon 
in early autumn (cold advection over the warm 
water surface of the Gulf of Riga is a frequent 
trigger of precipitation showers and thunder-
storms in the downwind coastal areas). Also, the 
maximum annual number of hail events during 
thunderstorm days was observed in the coastal 
areas of the Gulf of Riga (nine cases observed at 
the Mersrags weather station in 2004).

Precipitation is the most frequent atmos-
pheric phenomenon associated with thunder-
storms, with on average 4.3–9.3 mm per thun-
derstorm day. The annual maximum precipita-
tion per thunderstorm day in Latvia was between 
25 and 29 mm (Fig. 8), with higher precipitation 
intensities related to orography and proximity 
to the Baltic Sea. So far, the highest daily pre-
cipitation amount associated with a thunder-
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Fig. 5. Number of thun-
derstorm days in Latvia 
(data from 14 weather 
stations;  see Fig. 1 and 
Table 1).

Fig. 6. Number of thun-
derstorm days in Latvia 
during 1960–2015. Thick 
line inside the box = 
median, top and bottom of 
the box = upper and lower 
quartiles, respectively, 
whiskers = minimum and 
maximum (excluding 
outliers), circles = outli-
ers (more than 1.5 times 
greater than the quartiles).

Fig. 7. Mean number of hail events on thunderstorm 
days in Latvia during 1960–2015.

storm event (160 mm in Ventspils) was measured 
in 1973, and this record still holds. Also in 
2014 there were exceptionally intense rainfalls 
(123 mm in 24 hours) at the Sigulda weather 



424 Avotniece et al. • BOREAL ENV. RES. Vol. 22

station located in the highland areas of the east-
ern part of the country which however were not 
included in this study.

The most hazardous effects of thunderstorms 
in the country are associated with severe straight-
line and tornadic convective wind gusts  reaching 
14–20 m s–1 during thunderstorms (Fig. 9). The 
strongest wind gusts during the studied period 
were measured in the coastal areas of the Baltic 
Sea where severe cyclonic storms (48 m s–1 in 
Liepaja in 1967 and 34 m s–1 in Skulte late 1969) 
were associated with thunderstorms. During 
summertime thunderstorm events, the strongest 
wind gusts were measured in the central regions 
of the country (33 m s–1 in the summer of 2002 
at the Dobele station). On average, thunderstorm 
gustiness expressed as the gust factor was higher 
at the inland meteorological stations (Fig. 10). 
As the gust factor is the relation between the 
mean wind speed and the maximum wind gust, 
its smaller values on thunderstorm days at the 
coastal stations can be explained by higher mean 
wind speed on the Baltic Sea coast. Therefore, 
even though stronger wind gusts on thunder-
storm days were measured in the coastal areas, 
the long-term data reveal an increased gustiness 
on thunderstorm days in the inland areas.

Assessment of thunderstorm severity

Thunderstorm severity in Latvia has been clas-
sified for warning purposes according to the 
intensity of hazardous weather phenomena asso-

ciated with thunderstorm events. In order to 
assess the long-term changes in thunderstorm 
intensity and suitability of the warning criteria, 
a similar approach was used to our thunderstorm 
day analysis on the climatic time scale. Namely, 
all thunderstorm days in the period 1966–2015 
were divided into 4 groups according to the 
intensity of precipitation, wind gusts and occur-
rence of hail (see Table 2). Majority of the thun-
derstorm events observed in Latvia since 1966 
were not associated with any hazardous weather 
(no hail, wind gusts less than 15 m s–1, daily 
precipitation amount < 15 mm), and therefore 
71%–85% (11–20 days on average) of observed 
thunderstorm events were classified as level 
green (Fig. 11). The proportion of green-level 
thunderstorm days in a year varied from only 
28.6% in Ventspils (2005) to 100% at altogether 
11 meteorological stations (except Liepaja, Riga 
and Priekuli). While the spatial distribution of 
non-severe thunderstorm days followed the pat-
tern of the thunderstorm day frequency distribu-
tion (see Fig. 4), the overall variability in the 
fraction of green-level thunderstorm days was 
the greatest in the coastal regions.

Thunderstorm days of the yellow severity 
level are associated with wind gusts exceed-
ing 15 m s–1, and therefore there was a greater 
proportion of such events in the coastal areas 
of the Baltic Sea (10%–13% or 1.5–2.2 days on 
average). In the remaining parts of the country 
the fraction of such days varied between 4.6% 
and 9.3% (or 0.7 and 1.8 days). Within the stud-
ied period, the years when no yellow severity 

Fig. 8. Maximum precipitation amount (mm) per thun-
derstorm day in Latvia during 1960–2015.

Fig. 9. Annual maximum wind gusts (m s–1) during a 
thunderstorm day in Latvia during 1966–2015.
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Fig. 10. Mean gust factor 
in Latvia during 1966–
2015.

Fig. 11. Mean proportions (%) of thunderstorm days of four severity levels in Latvia in 1966–2015.

level thunderstorm events were observed at any 
particular station were common (minimum 4 
stations to maximum 13 stations in 2009–2012). 
The proportion of thunderstorm events classified 

to the yellow severity level varied from 18.8% at 
Skriveri (1991) to 50% at Kolka (2000).

The orange thunderstorm severity level is 
associated with a further increase in wind speed 
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(wind gusts exceeding 20 m s–1) and the occur-
rence of heavy precipitation (≥ 15 mm in 24 
hours). Such events were more frequent than 
the less severe yellow level thunderstorm days, 
reaching 9.7%–14% (1.7–2.9 days) of all the 
thunderstorm events during the studied period. 
This increase on one hand might be associated 
with an increased frequency of thunderstorm 
days associated with heavy rain events or could 
be a result of the original severity level classifi-
cation that had used 15 mm precipitation within 
12 hours as a threshold. Variation in the orange 
severity level thunderstorm days was considera-
ble: in 2002 such events were recorded at only 7 
weather stations, whereas there were also 9 years 
within the studied period when orange level 
thunderstorm days were registered at all obser-
vation stations included in this study. The maxi-
mum proportions of thunderstorm days classified 
to the orange severity level varied from 22.7% 
in Skriveri (2007) to 50% in Kolka (1994). The 
locations, where orange severity level thunder-
storm days may occur are the coastal areas of the 
Baltic Sea and the Gulf of Riga, and the north-
ernmost and southernmost regions of the eastern 
part of the country.

Red severity level thunderstorm days are 
defined as extreme events accompanied by wind 
gusts exceeding 25 m s–1 and very heavy rain-
fall of more than 50 mm during 24 hours. Such 
events were rare: only 0.2%–1.7% (0.1–0.2 days 
on average) of the events analysed. Even though 
the frequency of this level thunderstorm events 
in particular location may be low (from 5.3% at 
Aluksne in 2009 to 18.2% at Zoseni in 1983), 
such thunderstorm days were observed in some 
areas on most years. There have only been 12 
years with no thunderstorm days of red severity 
level anywhere in Latvia, while in 4 years (1981, 
1985, 2005, 2011) such severe conditions were 
observed at 4 stations included in this study.

Changes in thunderstorm frequency and 
intensity

The climatic behaviour of thunderstorm events 
in Latvia was altered as a result of changing 
climate (Avotniece et al. 2010). In comparison 
with the reference period 1961–1990, during 

the recent 30-year (1981–2010) normal period 
the number of thunderstorm events per year 
decreased by about 2 (Table 3), with the small-
est and greatest changes taking place in the 
western part and the eastern parts of the country, 
respectively. However, the intensities of hazard-
ous weather phenomena associated with thun-
derstorms did not change much, except for wind 
parameters.

The results of the trend analysis (Table 4) 
confirm an overall decrease in thunderstorm day 
frequency, significant at 8 of 14 weather stations 
included in the study. Similar was identified 
for Lithuania and Estonia (Enno et al. 2014), 
but not for Finland (Tuomi and Mäkelä 2008). 
In a recent study carried out in Poland, Bielec-
Bakowska (2013) also found no trend in thun-
derstorm day frequency, but revealed a spatially 
inconsistent pattern of changes: thunderstorms 
were becoming more frequent in the southeastern 
part of the country and less frequent in the north-
western part of the country. Thus, the aforemen-
tioned results emphasize spatial variability in the 
annual thunderstorm frequency in the region. 
However, it was also noted previous that the 
changes in thunderstorm frequency might have 
a cyclic nature on a longer time scale (Tuomi 
and Mäkelä 2008). Changes in the frequency of 
thunderstorm days in the Baltic countries might 
be associated with changes in the general atmos-
pheric circulation patterns: it has been found that 
the decrease in the thunderstorm frequency was 
accompanied by an increase in the frequency of 
circulation patterns unfavourable for the occur-
rence of thunderstorms, namely: northerly and 
anticyclonic flows (Enno et al. 2014).

The changes in frequency and intensity of 
heavy precipitation and hail events during thun-
derstorms was spatially inconsistent due to the 
local distribution of these hazardous phenom-
ena. However, the positive trend in the mean 
precipitation amount and the frequency of cases 
of precipitation exceeding 50 mm during thun-
derstorm days was mainly limited to the coastal 
areas of the Gulf of Riga, thus emphasizing the 
impact of the Gulf on the distribution of sum-
mertime precipitation in the country. The most 
evident changes in the long-term data series were 
found for wind parameters on thunderstorm days, 
with a significant increase in either the absolute 
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values of wind speed or the frequency of high 
wind gusts observed during thunderstorm days 
at most of the weather stations. Due to increasing 
wind gusts on thunderstorm days, the fraction 
of yellow severity level thunderstorm days also 
increased significantly (0.16 days per decade). 
It is important to note that the increase in wind 
gusts on thunderstorm days in Latvia was evident 
even though Briede (2016) found a significant 
decrease in the mean wind speed during the 
period 1966–2011.

Even though thunderstorms in Latvia are not 
associated with such devastating damage as for 
instance in the United States or even the southern 
parts of Europe, almost every year intense thun-
derstorms cause considerable damage. Although 
the results of our study show indications of an 
overall decrease in thunderstorm day frequency, 
at the same time they point out a likely increase 
in thunderstorm intensity and associated wind-
related damage.

Although long-term meteorological data 
records were used here in order to obtain repre-
sentative climatology both spatially and phenom-
enologically, nevertheless it is important to note 
that the results presented here might be biased due 
to the small-scale spatial distribution and short 
life-span of convective events as even extremely 
severe ones might take place at locations not 
covered by the observation network (Doswell et 
al. 2005). In recent decades, the introduction of 
remote sensing helped to improve data coverage 
but it is still not sufficient for comprehensive cli-
matological analyses. Also, the attempt to classify 
thunderstorms according to their intensities by 
using supplementary meteorological parameters 
might be biased due to the same reasons.

Our results revealed that, with an excep-
tion of orange severity level thunderstorms, the 
currently used national thunderstorm warning 
criteria serve the purpose well. As recent trends 
in European National Meteorological Services 
have been towards the introduction of impact-
based meteorological warning systems (Rauhala 
and Schultz 2009), our results could be used as 
a starting point for modifications and improve-
ment of the national warning system in Latvia.

Given the complex nature of thunderstorm 
events, the indications of changes in their inten-
sity may increase the associated threat levels as 

these high-impact events include several hazard-
ous meteorological phenomena. However, even 
though the scientific community suggests a likely 
increase in thunderstorm frequency with chang-
ing climate (Collins et al. 2013), these projec-
tions might not be unambiguous in the Baltic Sea 
area, as the recent changes in climate have led 
to a decrease in the frequency of thunderstorms 
in the region (Enno et al. 2014). Also Zwiers et 
al. (2013) pointed out that on one hand, green-
house-gas induced warming may lead to greater 
atmospheric instability due to increasing temper-
ature and moisture content leading to a possible 
increase in severe weather, but on the other hand, 
vertical shear may decrease due to a reduced 
pole-to-equator temperature gradient. The lack 
of firm conclusions regarding the past and future 
behaviour of thunderstorm events is highly asso-
ciated with the aforementioned observational 
limitations, and therefore the development of 
effective national warning systems is essential 
for mitigation of adverse effects of any possible 
changes to come.

Conclusions

The climatic characteristics of thunderstorm fre-
quency and intensity in Latvia and their changes 
over the period 1960–2015 have been analysed 
in the presented study. It was found, that the 
average thunderstorm day frequency in Latvia 
over the period of study has been between 14.5 
days in the coastal areas of the Baltic Sea and 
23 days in the upland areas of the eastern part of 
the country, highlighting the role of orography in 
the spatial distribution of convective phenomena 
in the country. At the same time the temporal 
distribution of thunderstorm days showed con-
siderable intra-annual and inter-annual variations 
as well as a significant decrease in thunderstorm 
day frequency in Latvia since 1960.

On average 71%–85% of the thunderstorm 
day cases have been classified as non-severe, 
with annual variations in the fraction of such 
days being the highest in the coastal areas of 
the Baltic Sea. Thunderstorm days of yellow, 
orange and red severity level have been sig-
nificantly less frequent, however severe thunder-
storm days have been observed on each of the 
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years within the study period. It was estimated 
that among hazardous meteorological phenom-
ena associated with thunderstorm days, hail was 
rarely registered by the observation stations on 
thunderstorm days, while maximum precipita-
tion amount on average varied between 25 and 
29 mm and wind gusts reached 14 to 20 m s–1 on 
thunderstorm days.

Even though thunderstorm day frequency 
in Latvia has decreased significantly, indica-
tors of increased thunderstorm intensity have 
been observed. Long-term trends in precipitation 
intensity and frequency of heavy precipitation 
cases on thunderstorm days show a significant 
increasing tendency in the coastal areas of the 
Gulf of Riga, while widespread increasing ten-
dencies have been observed for wind parameters. 
The increase in wind parameters on thunder-
storm days has occurred along with an overall 
decrease in the mean wind speed in the country.

The obtained results suggest that the cur-
rently used national thunderstorm warning cri-
teria represent the climatic distribution of severe 
thunderstorm events, with an exception of 
orange severity level thunderstorms. Thus the 
findings presented here could be used as a start-
ing point for the modifications and improvement 
of the national warning system in Latvia.
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