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ABSTRACT ARTICLE HISTORY

The summer of 2019 is particularly well known for the famous Received 21 September 2023

heatwaves that swept across the European continent, with its Accepted 25 June 2024

associated drought and record-breaking air temperatures. This

was followed by powerful thunderstorms, characterised by hail H . .
N ) eat wave; storm cell; stable

and.heavy rain that damaged the crops on a reglor)al scale. Here, isotopes; moisture

we investigated one of the largest storm cells, lasting more than replenishment; Rayleigh

6h, which struck southwestern Romania. High-temporal condensation; South

resolution sampling of storm precipitation was performed for Carpathian Hills; Water

stable isotope measurements, rainfall and air temperature, to sources; fractionation at

follow the storm dynamics. Hydrogen and oxygen isotope variable temperature

measurements show an abrupt decreasing temporal trend

followed by superimposed V-shaped patterns interpreted as

reflecting moisture replenishment by successive rain bands. To

model the stable isotope values of precipitation in relation to the

general trend of decreasing air temperatures, we applied a

numerical Rayleigh condensation model for a non-constant a

isotopic fractionation factor between liquid water and water

vapour. The storm is powered by four consecutive moisture

fronts, each following a Rayleigh distribution. About 40 % of the

water vapour condenses during the sampled storm due to

adiabatic expansion and cooling, which lowers saturation.

Condensation ceases when cooling and absolute humidity can no

longer sustain the dew point, stopping the rain. The timing of the

event, occurring late at night and early in the morning, its

duration of over 6 h as well as its synoptic scale may indicate a

mesoscale convective complex.
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1. Introduction

In southwestern Romania, including Mehedinti County, water sources are limited to
springs and recently drilled wells that tap into Quaternary clastic deposits [1]. In their
study, Bojar et al. [2] determined the local meteoric water line (LMWL) (Figure 1A), the sea-
sonal variations of precipitation 880 and &2H values, the deuterium excess, and the
monthly T-8'80 relationship. Another study conducted by Bojar et al. [3] investigated
the compositions of cationic and anionic groundwater of approximately 30 springs and
wells, their distribution along local geological structures, and the water age using the
“C method. The results provide a comprehensive picture of aquifers, spring distribution,
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Figure 1. A. Biplot of oxygen and hydrogen isotope compositions of storm rainfall samples and the local
meteoric water line (LMWL) and evaporation lines. The green points define the LMWL, the yellow points
are the isotopic composition of springs and lake defining the LEL, the red triangles define the line for the
investigated storm, line intersecting the LMWL. B. Precipitation amount collected during storm (yellow
diamonds) is given in ml/(m**min). Measured air temperature in ¢(orange diamonds) with time plotted
on the x-axis. For the start and the end of the x-scale representing the duration of storm, UCT and local
time (+2 h) are used. Between the start and end of the record, measured time is given in minutes.
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and water chemistry. In the study area, the only source of aquifer recharge and water for
crops and the population are summer to early autumn storms (June to September). The
area experiences a minimum amount of rainfall during summer and early autumn. The
presence of summer precipitation events is crucial for the entire region.

July 2019 is known as the hottest month on record in Europe, with a pronounced heat wave
occurring between 20 and 28 July . The heat wave was caused by a block of hot, dry air from
North Africa that was trapped between cold storm systems. This high pressure area stretched
from the central Mediterranean to Scandinavia and was delimited by low pressure areas over
western Russia and the eastern Atlantic, resulting in drought and extreme temperatures across
Europe. (www.eumetsat.int/european-heatwaves-summer-2019; publicwmo.int/en/media/
news/july-matched-and-maybe-broke-record-hottest-month-analysis-began;  surfobs.clima-
te.copernicus.eu/stateoftheclimate/june2019.php; www.worldweatherattribution.org/
human-contribution-to-the-record-breaking-july-2019-heat-wave-in-western-europe; en.wiki-
pedia.org/wiki/2019_European_heat_waves; last accessed March 31, 2023). The heat wave
was broken by severe storms including also hail, which wiped out crops regionally (www.
dw.com/en/europe-lashed-by-hail-fatal-storms/a-49778989).

The study area, located in the south-western part of the Carpathians, experienced a July
heat wave that was interrupted by an unusually long storm from 19:00 UCT on 28 July-03:00
UCT on 29 July (+2 h for the local time). The study is based on detailed time series of temp-
erature distribution, rainfall intensity, and stable isotope data measured during this storm. To
explain the observed distributions, the data acquired were modelled and linked to available
meteorological information, proposing a mechanism for storm development. The records
provide quantitative insights into the event and evaluate the impact of a severe storm in
a region with temperature variations of over 25 °C between winter and summer, and a
high continentality index [2], which measures the range between minimum and
maximum yearly air temperatures, reflecting the relative influence of oceanic masses inland.

The aim of this study is to investigate how the stable isotope composition of rainwater
changes over time during a large storm event. This can provide insights into the dynamics
of rain formation and the processes influencing isotopic fractionation. Understanding
how the stable isotope composition of rainwater evolves during a storm event can also
have important implications for hydrological processes, including groundwater recharge,
surface runoff, and water resource management. Furthermore, the analysis of stable iso-
topes in rainwater during extreme precipitation events can help in evaluating the effects
of climate change on precipitation patterns.

2. Methods and materials
2.1. Precipitation sampling

For this study, 33 samples were collected continuously during the night of 28-29 July 2019 in
the Mehedinti district, south of the South Carpathians at an altitude of 350 m above the sea
level. Sequential sampling of rainwater was carried out using an apparatus similar to that of
Bourrié [4]. The rain collector had an area of 421 cm? and fed through a pipe a series of glass
bottles that were filled in sequence. The duration required to fill a 150 ml bottle was
measured using a chronometer, thus the time measured in order to collect each sample
may vary depending on the rain intensity. Air temperatures were measured every 30 min
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with a data logger and the results interpolated over the sampling time (Figure 1B, Figure 3,
Figure 4). A total of 990 ml of rainwater was collected over a period of 456 min.

2.2. Stable isotope measurements

Hydrogen isotope measurements were performed using the chromium-based reduction
technique described in [5]. For the isotopic measurements of each water sample, the 8°H
(%0 VSMOW) corresponds to the average of five aliquots of 0.5 L collected from the same
sample. The method is based on water reduction using a chromium-based reactor
installed in a EuroEA3028-HT™ elemental analyser from Eurovector SpA (Milan, Italy).
This elemental analyser has been upgraded with a EuroAS300 series liquid autosampler
equipped with a 1-uL 1BR-5 SGE syringe. The elemental analyser is connected online in
continuous flow mode to an IsoPrime Isotopic Ratio Mass Spectrometer from IsoPrime
UK Ltd (Cheadle, UK). The mass spectrometer is equipped with an electrostatic filter to
prevent helium interferences on hydrogen mass 3 beams. The H3 factor was calculated
daily and was usually less than 10 ppm/nA. The duration of each analytical run is
approximately 300 s. Water samples collected from the vacuum line were pipetted into
13 X 32 mm vials with butyl/Teflon sealed caps. If the volume of water collected from

Table 1. Isotopic composition of the serial water samples collected during the storm event. Standard
deviation (SD) is given at+ 1 ©.

Sample# 5'%0 (%o VSMOW) SD (n=4) 8°H (%0 VSMOW) SD
AV1 -0.13 0.07 -20.33 0.52
AV2 -2.21 0.10 -29.54 0.84
AV3 -237 0.04 -30.05 0.41
AV4 -2.34 0.09 -29.87 0.39
AV5 -1.86 0.07 -2357 0.69
AV6 -1.78 0.07 -2236 0.85
AV7 -2.07 0.04 -22.56 0.42
AV8 -2.96 0.05 -2297 0.51
AV9 -2.50 0.05 -19.50 0.61
AV10 -2.67 0.03 -21.42 0.53
AV11 -3.45 0.12 -2331 0.36
AV12 -378 0.08 -25.66 0.41
AV13 -4.13 0.05 -27.63 0.53
AV14 -472 0.02 -28.56 0.50
AV15 -427 0.00 -25.62 0.56
AV16 -5.19 0.09 -32.94 0.40
AV17 -5.20 0.05 -32.73 0.41
AV18 -5.68 0.10 -32.86 0.29
AV19 -5.80 0.01 -31.66 0.39
AV20 -5.36 0.04 -29.38 0.32
AV21 -5.46 0.04 -30.57 0.30
AV22 -5.64 0.04 -30.73 0.56
AV23 -6.01 0.04 -34.74 0.38
AV24 -5.95 0.12 -35.60 0.49
AV25 -6.71 0.09 -36.08 0.72
AV26 -6.21 0.04 -38.49 0.34
AV27 -5.93 0.03 -39.86 0.41
AV28 -6.12 0.12 -41.42 0.37
AV29 -6.56 0.06 -45.15 0.41
AV30 -6.52 0.01 -47.81 0.35
AV31 -7.17 0.10 -46.94 0.45
AV32 -5.68 0.09 -42.79 0.15

AV33 -5.18 0.1 -39.12 0.65
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the sublimation experiment was too small, special inserts had to be placed in the vials to
meet the specifications of the liquid autosampler. Five injections were made from each
vial of water, from which the standard deviations (20) reported in Table 1 were calculated.
Hydrogen isotope ratios are reported relative to VSMOW in the %o & unit, after scaling the
raw data to the certified isotopic ratios of VSMOW?2 and VSLAP2 [6,7] to which we also
added aliquots of GISP former international standard [8-11].

The '80/'®0 analyses from water samples were carried out using an isoFLOW system in
water equilibration mode [12-14] connected on line in continuous flow mode to a precision
mass spectrometer operated by a Vision software from Elementar Uk Ltd. 200 pL aliquots
were loaded in LABCO Exetainer® 3.7-ml soda glass vials, round bottomed, non-evacuated.
The sample vial headspace was automatically flushed with helium with the isoFLOW double
needle setup. The equilibration gas was a mixture of 10 % CO, in helium automatically intro-
duced in contact with the sample through the isoFLOW. The equilibration reaction took
place at 40 °C in a temperature regulated sample tray. The equilibrated CO, gas generated
was then transferred to the mass spectrometer via the centrlON interface. A calibrated CO,
gas was used as a monitoring gas. Calibrated waters were used to anchor the results to the
VSLAP/VSMOW scale. The calibrated waters used were EdL Il (§"0yspow = —9.34 %o), EE1
(8"®0vsmow = +6.44 %o0) and SSRW (5'®0ysmow = —16.0 %o). During the course of the exper-
iments the waters used as working standards were calibrated against waters from the WICO
intercalibration programme [14]. Aliquots of EdL Il were placed at the beginning and at the
end of each analytical batch to check for instrumental drift with time. No significant drift was
noticed during the experiments. Delta values are expressed with respect to VSMOW. Typical
external precision for §'20 analyses from water samples is 0.05 %o. Samples were systema-
tically duplicated. The isotopic data are displayed in Figures 2-5.

2.3. Meteorological data

The data in Figure 6 were obtained from www.lightningmaps.org/about?lang = de and
www.blitzortung.org/de/historical_maps (accessed 27 March 2023).

The temperature distributions in Figure 7 are based on the Hysplit GFS database at
0.25-deg 3S (available from June 13, 2019 DA 2500 Mb). The database records daily
files of air temperature every three hours in the native GFS hybrid sigma coordinate
system. The data is sourced from NCEP GFS.v15(fv3). The record began on 28 July at
18:00 and ended 24 h later on 29 July. The initial time displayed is offset by two hours
from the first database record, and the geographical coordinates are centred on the
sampled location in Mehedinti district, specifically 44°31'N and 23°08'E.

2.4. Modelling of stable isotope data

2.4.1. Fractionation factor between liquid and vapour
Various fractionation factors have been identified for liquid-vapour exchange, such as
those in [15-17]. In this calculation, we have used the equation from Halas [18]:

Te—T

6 3 33( > 33(TC_T>
Ax10°  Bx10 - To—T >
103lna,_vz< = ) 1—e I R e LVANC)

T2 T

For 6'20 the values of parameters are A =1.3781, B=1.8876, C = 3.6558.
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Figure 2. A. Variation of oxygen (red) and hydrogen (blue) isotope compositions of rainfall during the
storm period; B. Variation of deuterium excess with time.
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Figure 3. A. Variation of the monthly mean 6'20 values of rain (orange squares) with monthly mean air
temperature. The storm rainfall data (red diamonds) are plotting in the summer sector of the biplot. The
arrow shows the direction in which values are shifting during storm; B. Zoom for the summer storm sector.

For 6°H the values of parameters are A = 18.993, B =40.798, C = 18.405.
From Equation (1), we can express a;_, as:

; (Tc - T) 33(Tc — T>
Ax10° B -3 Tc—T 3
( * —) 1—e T +Cx ¢ e T

T2 T T2
Ay = € (2)
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Figure 4. A. Variation of the monthly mean 8H values of rain (orange squares) with monthly mean air
temperature. The storm data (blue squares) are plotting in the summer sector of the biplot. The arrow
shows the direction in which values are shifting during storm; B. Zoom for the summer storm sector.

where: q,., = fractionation factor between liquid and vapour; T = temperature in Kelvin; T,

= critical temperature of water
In this case, the vapour isotopic composition may be calculated as:

vy —

1000 + &

aj_y

22

T air

— 1000
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Figure 6. Cyclonic Atlantic front striking over the Mediterranean region, the sampling location is
pointed with an arrow. The map shows the record of lightnings starting at 18:00 UCT on July 28th
and ending at midnight UCT (local time at investigated area 20:00-02:00 on July 29th), (www.
blitzortung.org/de/historical_maps).

2.4.2. Rayleigh isotopic fractionation between condensate and vapour at variable
temperature

According to [19], the Rayleigh isotopic fractionation between condensate at vapour vari-
able temperature has the expression:

85 = Y (8, + 1000)F =" — 1000 (4)
ao

where: §,=isotopic values for §'0 and 6°H of condensate liquid; a,., = fractionation
factor between liquid and vapour; a, = fractionation factor at initial temperature Ty; ap,
=fractionation factor at temperature (T + T,)/2; F = fraction of remaining vapour
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Figure 7 Continued

Using Equations (2) and (4), the Rayleigh distillation equation can be used to calculate
F, which represents the fraction of remaining vapour as follows:

am — 1

ap(6; + 1000)

F= 3 (Tc—T) 33(Tc—T)
Ax10° B\[ Tc—T 3
( * — ) 1—e T +Cx ¢ e T

T 7

*(8p + 1000)
(5)

3. Results

Figure 1A displays the measured values of rainwater 8'®0 and 8°H (red diamonds)
ranging from -0.1 to -7.2 %0 and -20.3 to -47.8 %o, respectively. Figure 1B illustrates
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the variations in temperature and rainfall with high temporal isotopic resolution, rep-
resented by the 33 samples collected over 456 min (4.6 h). Between 19:50 and 20:31
UCT, temperatures decreased from 21.2-16.5 °C, while rain fluxes fluctuated between
multiple maxima and minima, with values ranging from 9 to 238 ml/m?/s. The isotope
pattern can be described as several superimposed V-shaped sectors, resulting in pro-
nounced local minima and maxima of §'®0 and &°H values, as shown in Figure 2A.
Figure 2B displays the variation of the calculated deuterium excess parameter. The
values for the oxygen-18 isotope ratio (5'20) and deuterium isotope ratio (5°H) of the
rainwater are presented in the biplots (red diamonds and blue squares, respectively)
that illustrate the correlation between §'%0 and &H and the recorded air temperature
(Figures 3 and 4A and B). Figure 2A displays the isotope pattern, which exhibits several
periods (I to VIII) indicating the points where the monotony of the isotope composition
trend changes. At the onset of the storm, the rain possesses a high isotopic composition.
Isotopic variation is mainly due to condensation in sectors where the isotopic compo-
sition of the water decreases, such as | to Il, lll to IV, V to VI, and VII to VIII. Intervals of
decreasing values over time alternate with intervals such as Il to Ill, IV to V, VI to VIl
and VIl until the end of the storm, which are characterised by increasing isotopic values.

4. Discussion

Evaporating rain and surface waters undergo a progressive isotopic enrichment deter-
mined by relative humidity of air and temperature [20,21]. The isotopic composition of
evaporated water changes along a line with a lower slope than that of the LMWL. This
slope can be correlated with the continentality index for Europe, except for regions
under the regional climatic influence of the Mediterranean Basin [22]. At low latitudes
worldwide, the continentality index may be perturbed at a regional scale, as investigated
by for transects across the Andes. The continentality index refers to the Tp,ax—Tmin depen-
dent distribution of rain isotope composition.

For the studied region, the equation of the LMWL was defined through monitoring,
measurements, and integration of isotopic data in precipitation, with the determined
equation: 8°H=7.58 - 8'80 + 5.57 (¥ = 0.9, n = 66) (Figure 1). Due to the continuous inte-
gration of isotopic data over time, this equation is slightly different from the one pub-
lished previously [2]. The measured values from the monitored storm define a line (red
triangles) that intersects the LMWL. The isotopic composition of the analyzed summer
storm waters shifted along an evaporation line described by the equation §°H =3.56 -
8'®0 - 5.62 (r*=0.68, n=33). The slope of 3.6 is lower than the previously determined
slope of 5.6 for the local evaporation line of precipitation (LEL), which intercepts the
LMWL at the mean isotopic composition of local springs (yellow circles, Figure 1A). The
storm’s weighted mean for the values of §'20 and 6°H are 4.9 and -32.5 %o, respectively.
These values are similar to the mean §'®0 and &H values of summer precipitation from
June to August, which are 5.3 and -36.8 %o, respectively.

Intervals Il to Ill, IV to V, VI to VII and VIII until the end of the storm (as shown in
Figure 2A) are interpreted as periods of reloading of the storm due to the arrival of a
moisture front, as evidenced by the increasing isotopic values. The minimum isotopic
values in VIII are reached after the maximum rain intensity, at low temperatures
(Figure 2B). As temperatures decrease monotonously, there is no evidence of a warm
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front passing through during the whole process. Time series of isotopic values measured
during storms have been described as W-shaped isotopic trends [23-26]. The isotopic W-
shape trends for the present storm were detected due to detailed sampling of the event
and correlation (Figure 2B and A). We propose that the input of multiple rain bands, as
described for cyclonic events, may explain this phenomenon.

Figure 2B shows the variations of the deuterium excess (d) with time. The deuterium
excess was calculated using the equation d = 8°H - 8 - §'30 [19]. The values of d increase
as the rain progresses. At the beginning of the storm, deuterium excess values below 0 %o
indicate the involvement of recycled continental water in the first rain front. This water
evaporated and then condensed during the first cooling front. Even at 100 % relative
humidity, the deuterium excess values of waters evaporated from the ocean with isotopic
compositions of 0 %o are also 0 %o. During the initial phase of the storm, deuterium excess
values were below 0 %o, suggesting involvement of continental waters with isotopic
values lower than those of the oceanic domain (see Figure 2B) [15,27]. The increasing deu-
terium excess values, along with the arrival of successive rain fronts, may suggest a
decrease in moisture during storm formation, ascent and outflow of rain bands, and an
increase in the involvement of moisture formed over the Mediterranean Sea. At the
end of the event, the deuterium excess values are close to 5 %o, which is the mean
value calculated for the LMWL of the studied region, as shown in Figure 1A.

Figures 3A and 4B display the monthly mean oxygen and hydrogen isotope values of
rain from 2011 to 2019 (orange squares) vs. the monthly mean temperature. The storm
data (red diamonds) are plotted in the summer sector of the biplots. The scatter in the
isotope data can be explained by the temperature variation during the storm period.
Examining the summer storm sector reveals that the storm trend displays variations in
monotony and isotope values that are not solely linked to a decrease in temperature,
but also to an increase in isotope values resulting from the arrival of successive rain fronts.

During cooling, atmospheric air masses undergo rain which causes a change in the
fractionation factor between liquid and vapour, which is temperature-dependent (see
section 2.4.1).

The calculations presented here are estimative due to the data collection being per-
formed at an altitude of 350 m above sea level, while the condensation of water from
the vapour cloud occurs under the cloud surface. It is important to note that the global
meteoric water line (GMWL) [28] and the empirical relationships between §'80 and temp-
erature [19,29] are based on data recorded at meteorological stations, rather than from
the point of moisture condensation. However, it can be assumed that there was a con-
stant offset between the values considered for the present model and the values
where condensation took place. The 8°H values of vapour were calculated from the
measured 8°H values of rainwater and temperatures using Equation (3) (Figure 5A),
and the distributions of the remaining fraction F of vapour were determined using
Equations (2) and (4) (Figure 5B and C). The calculated vapours should be considered
as estimates, indicating a general trend of successive incoming fronts.

At the start of the event, the water vapour fraction F is assumed to be 1 (as shown in
Figure 5C). F is determined by two independent variables: the isotopic composition of the
rain and the temperature. The Rayleigh distillation model assumes that, under varying
temperatures, a small amount of condensate in equilibrium with the vapours will leave
the system as rain. This reduces the vapour fraction F and exponentially depletes the
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system in the heavy isotopes. Figure 5B shows a biplot with the x-axis representing the
&%H value of rain and the y-axis representing the calculated F (Equation (6)). The plot
demonstrates a clear trend and fits a Rayleigh type distribution. F is calculated as a func-
tion of two independent variables: air temperature (T) and 8°H values.

For the analysed storm, the measured 8°H values of rain do not decrease monoto-
nously. Equation (5) was applied to the isotopic composition from Figure 2A, assuming
that vapour masses with a lower degree of ‘rain out’ and higher isotopic composition
enter the system. As a result, F does not decrease monotonously with time as temperature
does (Figure 5C). Based on the variable rainfall shown in Figure 1B, we suggest that the
storm is successively fed by moisture fronts I, lll, V and VII. Each incoming front is
plotted on a Rayleigh distribution and marked with an accolade as shown in Figure 5B.
According to calculations, approximately 40 % of the water vapour left the system as con-
densate for the sampled storm (Figure 5B). It is important to note that this is an approxi-
mation, as the system was open to the incoming amount. Condensation occurs due to
adiabatic expansion and cooling, which brings the air to the dew point. The water
vapour lost as condensate lowers the saturation. Rain stops when the cooling can no
longer support the dew point and absolute humidity.

Figure 6 shows the moisture displacement track for the thunderstorm that occurred on
28-29 July. The backtracking animation from www.blitzortung.org/de/historical_maps
shows that the storm originated in northwestern Spain above the Mediterranean on July
26 and moved across Corsica, Sardinia and Italy. The moist, eastward-flowing air masses
formed a counterclockwise belt that moved north across Austria and Hungary. At the
same time, the girdle moved eastward and hit the southwestern corner of Romania with
a large cell thunderstorm lasting over 6 h, as depicted in Figure 6. The timing of the
event, occurring late at night and early in the morning, along with its duration of over 6 h
and its synoptic scale, may be indicative of a mesoscale convective complex (MCC) [30].
Figure 7A and B display the temperature distribution at the end of the heat wave on 28
July and the cooling from 29 July, respectively, associated with the array of regional storms.

5. Conclusions

By examining a detailed record of stable isotopes, rainfall intensity, and temperature dis-
tribution during a 6-hour storm that occurred in the south-western region of Romania fol-
lowing a severe heatwave that struck Europe from 20 to 28 July 2019, the following
important points can be highlighted:

¢ during the storm, deuterium excess data indicate changing moisture sources, starting
with recycled continental water and followed by moisture from a marine domain,

e the storm tracks indicate that this event transported moisture from the Mediterranean
basin,

 stable isotope values of precipitation along with rain intensity data support the income
of distinct rain bands,

¢ successive rain bands are supported by the stable isotope data plotted on a Rayleigh
condensation trend,

o the Rayleigh model output indicates that about 40 % of the moisture was lost as
condensate,
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¢ the timing of the event, late at night and early in the morning, its duration of over 6 h
and the synoptic scale of the low-pressure cell may be indicative of an MCC.
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