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Abstract: The main goal of the present study is to identify the prevailing atmospheric circulation
patterns (circulation types) that are associated with the occurrence of precipitation (both mean
and extreme) over southern Romania. A daily circulation type calendar derived from an auto-
matic and objective classification scheme is used in synergy with the daily precipitation time series
from five weather stations in the study area for a sixty-year period (1961-2020). Both mean and
extreme precipitation do not show statistically significant trends, except for the annual precipi-
tation at Constanta, for the value with daily precipitation totals greater than the 95th percentile
at Craiova and the number of days exceeding the 99th percentile at Buzau and Ramnicu -Valcea,
where significant negative trends were noticed. Moreover, the precipitation trends were analyzed
in relation to the atmospheric circulation types. Non-significant positive trends were observed
for the precipitation amounts (annually, winter, spring, and autumn) corresponding to very rainy
circulation types (C, Cwsw), while for summer, the equivalent trends were negative. Moreover,
it became evident that during extreme precipitation events, the predominant circulation types
(C, Cwsw) are associated with western or almost western atmospheric circulation and Mediterranean-
or Atlantic-originated depressions.

Keywords: circulation types; mean and extreme precipitation; southern Romania; trends

1. Introduction

Located in the central part of Europe (crossed by the parallel of 45 degrees north
latitude, with the meridian of 25 degrees east longitude), Romania is a fairly small country
(area of about 240,000 km?) with a temperate transitional climate between oceanic and con-
tinental. The general climate in Romania is controlled by four main types of air circulation
at the European spatial scale: western (the most frequent), polar, tropical, and blocking
circulation [1]. These include several types of atmospheric pressure systems (cyclones
and anticyclones), of which the highest frequency and influence on the Romanian climate
include the Azores and East-European anticyclones and the Mediterranean and Icelandic
cyclones. Other baric centers with less influence on the Romanian climate are the Green-
landic, Scandinavian, and North African anticyclones [1,2]. A key role in spatial variability
of climate and weather in Romania is the Carpathian Mountains arched chain (reaching the
maximum altitude of 2544 m a.s.1.), located in the middle of the country and extends on
about 30% of its territory (Figure 1). The Carpathians, due to their orientation and altitude,
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play an important role in the dynamic atmospheric processes, change in the atmospheric
fronts and cyclones trajectories, and induction of spatial weather differences [3]. Regionally,
the climate in Romania is influenced by the proximity (closer or more distant) of two large
water bodies, namely the Black Sea (to the southeast) and the Mediterranean Sea (to the
south), affecting the southeastern and southern regions of the country, respectively. In the
western part of Romania, oceanic climatic influences are specific, while the eastern part is
exposed to excessive continental influences [1].
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Figure 1. Romania’s physical map and the location of the five selected stations (marked with red
rectangles). In Bucharest (Bucuresti in Romanian), the analyzed station is named Bucuresti-Baneasa.

In the above-mentioned context, the general climate in Romania is characterized
by fairly cold winters, relatively hot and wet summers, and dry early autumn periods,
but with significant spatial differences induced by regional and local factors. Thus, in
terms of pluviometry, the annual amount of precipitation varies spatially very much,
from less than 300 mm to more than 1200 mm, with a precipitation gradient of about
40 mm /100 m [4]. The Carpathians are the wettest region, with the annual rainfall totals
exceeding 1000-1200 mm up to 1630 mm in the Western Carpathians at Stina de Vale.
The driest areas in Romania are located in the southeast of the country, in the Danube
delta and on the Black Sea coast, where the annual precipitation amount is 300-400 mm or
even less (about 270 mm at Sulina) (the annual precipitation data are according to NMA,
2008, for the period 1961-2000). The rainfall regime exhibits the wettest period in late
spring—early summer, namely between April and July, with the maximum in May-June
(even in July in mountainous areas). The lowest precipitation falls in winter (with mini-
mum in January-February) in the mountainous regions and in autumn (with minimum in
September—-October) in the lowlands (NMA, 2008). In the southwest and southeast parts of
the country, the winter months are more humid as a result of the influence of the maritime
air masses from the Mediterranean Sea and the Black Sea, respectively. The pluviometric
maximum in May-June is associated with more intense activity of the Atlantic cyclones
that advance inside the continent [1]. The maximum rainfall in the spring-summer period
could also be associated with intense cyclonic activity over the Mediterranean region [5,6].
A noteworthy number of Mediterranean cyclones pass through Romania from southwest
to northeast, causing prolonged rainfall events. Sometimes, these cyclones that arrive over
the Black Sea possess a retrograde trajectory and generate significant precipitation in the
east and southeast of the country, impacting the Eastern and Curvature Carpathians and
Sub Carpathians [2,5,6].
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The pluviometric minimum in winter is related to the high frequency in this season
of the continental air circulation from the east, while in autumn, the low precipitation is
associated with predominantly anticyclonic situations [1]. It should also be mentioned that
overall, the frequency of occurrence of the Mediterranean depressions over the southern
Romanian region presents a maximum during the period November-December and a
minimum during January-February [7]. The temporal variability of precipitation is very
high both interannually and during the year. Thus, in the wettest years, the rainfall annual
totals can exceed three—four times the ones recorded in the driest years, and during the
year, it can be months with no rainfall [8].

In such a climate environment, a reasonable and crucial question is raised: How have
precipitation characteristics changed in Romania during the last decades? To provide a
robust answer to this question, we have attempted to analyze both mean and extreme
precipitation characteristics, as well as their relationship with atmospheric circulation. If,
indeed, over the last 60 years, statistically significant trends in precipitation are detected in
several weather stations in the study area, then these changes could be attributed either to
changes in the frequency of the circulation types or to changes in the intensity of precipita-
tion indices related to these types. Thus, by detecting which circulation types prevail during
extreme precipitation days, we can determine whether changes in atmospheric circulation
could explain the significant trending characteristics of the precipitation amounts.

Moreover, we also set out to investigate if this automatic classification scheme already
used in studies conducted in the Mediterranean region [9,10], in western Europe [11], and
in central Europe [12] could be applied in another Balkan country, except Greece, but with
a continental climate, such as Romania. Hence, is it possible to compare the results of
the present study with the equivalent ones of our previous research applied to a “classic”
continental climate country [12]?

In the last more than 100 years (between 1901-2013), no trends have been noted in
the variation of the annual amount of precipitation in Romania as a whole [13]. After
1961, some changes were detected regionally in the seasonal variation of rainfall. Thus,
significant upward trends were found for several stations in autumn (especially in the
central and western parts of Romania, as well as in the extreme south of Romania, close to
the Danube River), while a few isolated stations recorded negative trends [14-17]. During
the period 1981-2013, when compared to 1961-1990, a decrease in monthly precipitation in
spring and summer months (by 5-8 mm/month in May and June) was found, and there
was a rise in the first part of autumn by 8 mm in September and 5 mm in October [13].

Short-duration and high-intensity precipitation have a large impact on society in the
form of urban floods and flash floods, depending on several factors, such as duration and
the type of storm, season, microphysics, regional atmospheric stability, and large-scale
circulation [18]. The relationship between the variability of summer precipitation extremes
and atmospheric blocking events in Romania was analyzed by Rimbu et al. [19] for the
period 1962-2010. The authors found that the high frequency of extreme precipitation
events over Romania is associated with the high frequency of blocking in the 0°—40° E
sector. In terms of extreme rainfall, significant upward trends were detected over large
areas in Romania in both the frequency of very wet days and the maximum daily amount
during autumn and in the maximum duration of dry spells during summer [20]. The
average number of days with precipitation exceeding 20 mm between 1991-2020 was
higher compared to the period 1961-1990 for most weather stations in Romania [21]. In
the study carried out by Croitoru et al. [22], it was found that for the period 1961-2013,
at a total of 34 weather stations analyzed, there were decreases in the annual number of
days with more than 0.1 mm/day and a predominantly increasing trend for the number
of isolated days with moderate (annual number of days with more than 5 mm/day) and
heavy precipitation (annual number of days with more than 10 mm/day).

In another study [23] carried out on a national scale, for the period 1980 to 2009, an
increase in the number of events of precipitation amounts greater than or equal to 50 and
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100 mm, respectively, in 24 h was found. The region inside the Carpathian arc is less
affected than the Extracarpathian space, with such amounts of precipitation falling in 24 h.

The main changes in climatic elements in Romania, observed and projected for
the future, as well as their impacts, are synthetized in several publications, such as
Bojariu et al. [16,21] and Zaharia et al. [24].

The present paper focuses on southern Romania, an intensely populated and well-
developed socio-economic region in Romania. This region includes the country’s capital
(Bucharest), as well as other large important cities in Romania (county seats). Due to
the geographically favorable features, this region is the most important agricultural area
in Romania. The high water demands for social-economic needs and agricultural crops
make the region vulnerable to drought and water deficit. This vulnerability is likely to
be accentuated in conditions where, in recent decades, the south of Romania appears to
be affected by aridization trends [25-27]. Consequently, studies on precipitation in this
part of Romania are of high interest both scientifically and, especially, practically. In this
context, the present paper provides updated information on the variation of precipitation
in southern Romania and presents original results in this region regarding the relationship
between precipitation (mean and extreme) and the atmospheric circulation types (analyses
of this kind of relationship are quite limited in the region).

2. Materials and Methods
2.1. Study Area

The study area extends between the Carpathians (to the north) and the Danube River
(to the south) and mostly overlaps a lowland area, corresponding to the Romania plain (for
the most part) with altitudes lower than 300 m a.s.l. and to the hilly area (Getic Piedmont)
in the northwest part with heights of 200-700 m a.s.l. (Figure 1). The study area also
includes the Dobrogea Plateau/Region located in the southeast of Romania, between the
Danube River (to the west and north) and the Black Sea (to the east), with a hilly landscape
below 500 m a.s.l. altitude. Despite the relative uniformity of the relief, there are spatial
climatic differences induced by local/regional factors and influences. Thus, the western
and southern parts are more frequently affected by the Mediterranean circulation, while in
the east, the continental (eastern) origin circulation prevails. The Black Sea influences the
climate in the east of Dobrogea Region along the coast. The Carpathians play a key role in
the climate of southern Romania through their influence on the atmospheric circulation
and their role as a barrier to the southern (Mediterranean) circulation [3].

2.2. Data

In this study area, we selected five weather stations located in regions with different
geographical and climatic characteristics at altitudes ranging between 13 m a.s.l. and 239 m
a.s.l., as follows: Craiova (in the west, 192 m a.s.l.), Ramnicu (Rm.) Valcea (located in a
hilly area at the foot of the Carpathians, in a valley corridor, at 239 m a.s.L), Bucuresti
(Bucharest)-Baneasa (nearly in the central part of the Romanian plain, at 90 m a.s.l.), Buzau
(in the northeastern part of the study area, at 97 m a.s.l.), and Constanta (in the eastern
extremity, on the Black Sea coast, at 13 m a.s.l.) (Figure 1). These weather stations are
considered representative of the study area, being part of the Regional Basic Synop Network
(RBSN) and belonging to the National Meteorological Administration (NMA).

Daily precipitation time series covering a 60-year period (1961-2020) were extracted
for the selected weather stations from the ECA&D (European Climate Assessment &
Dataset) [28] database, freely accessible at https://www.ecad.eu/, accessed on 19 August
2023. These data series were used to compute the following:

Annual and seasonal precipitation amounts.

Number of rain days (threshold of 0.1 mm).

Precipitation values for the 90th and 95th percentiles.

Number of rain days with precipitation exceeding the 95th and 99th percentiles.
Daily maximum precipitation.

SAE I
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6.  Ratio of the daily maximum to the values of the 95th and 99th percentiles.
7. Trends of the above parameters (their statistical significance was examined with the
Mann-Kendall test at a 0.05 significance level).

2.3. Methodology

For the computation of a daily circulation type calendar for the analyzed period, we
used daily geopotential reanalysis data at the 500 hPa level [29], with a spatial resolution of
2.5° x 2.5° as input data to the updated flexible automatic classification scheme [9]. The
selected spatial window extends from 20° N to 75° N and from 25° W to 50° E, whereas the
central point for classification was the one that was closer to the five stations log = 45° N,
lat = 25° E). It is worth mentioning that the classification scheme is actually applied to the
anomalies of the geopotential heights, calculated from the monthly means of the period
1971-2000. To detect the anticyclonic and cyclonic types, all the field anomaly values
were compared with the mean anomalies of 9 grid points with the central point included
(log =45° N, lat = 25° E). A day can be characterized as anticyclonic when the average
value of the 9 grid points is positive, whereas it is classified as cyclonic if it is negative
(Figure 2). Additionally, we examined the entire anomaly field to identify the center of the
anticyclone or cyclone that influences the country every day.
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Figure 2. Mean seasonal and annual precipitation heights (left column diagrams) and mean seasonal
and annual number of rain days (right column diagrams) for the five stations under study. The red
shadowed bars represent positive trends, and the blue ones represent negative trends. The black bars
represent the values that their trends are statistically significant at a 0.05 confidence level.
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After the daily circulation type calendar was identified, we also computed several
parameters to extract more information on the characteristics of these types, such as their
seasonal and annual frequencies, their trends, and their average pattern maps.

Finally, to investigate the links between the circulation types and precipitation, we
computed the following indexes:

8.  Seasonal precipitation percentages per circulation type to detect the rainiest circulation
patterns.

9.  Seasonal precipitation trends per circulation type.

10.  Daily precipitation height for the 95th and 99th percentiles for the two most frequent
types during days of heavy and extreme precipitation.

11.  The number of rain days for the 95th and 99th percentiles.

12.  The total mean precipitation (%) of the 95th and 99th percentiles for the above-
mentioned circulation types.

13.  Maximum daily precipitation/95th percentile and maximum daily precipitation/99th
percentile ratios for the above circulation types.

3. Results
3.1. Variation and Trends in Annual and Seasonal Precipitation

The average annual precipitation amounts recorded in the period 1961-2020 at the
selected weather stations vary spatially, ranging from 432.1 mm at Constanta, on the shore
of the Black Sea, to 710.7 mm at Rm. Valcea (Figure 2). In the northeast of the study region
(at Buzdu), the annual average precipitation is less than 550 mm (527.4 mm), while at
the rest of the stations, it is slightly over 600 mm (607.6 mm at Craiova and 622.2 mm at
Bucuresti—Baneasa).

In terms of seasonal rainfall distribution, the wettest season is summer for all analyzed
stations except Constanta. The rainfall amounts of this season contribute to 25-38% of
the total annual totals. The wettest station is Rm. Valcea (250.2 mm), and the driest
one is Constanta (111.2 mm), while at the other stations, the seasonal amounts range
between 185.0 mm (at Craiova) and about 200 mm (at Bucuresti-Baneasa and Buzau)
(Figure 2). Spring is the second season in terms of the amount of precipitation (25-26%
of the annual totals). During this season, the largest amounts of precipitation fell in Rm.
Valcea (179.6 mm) and Craiova (159.1 mm), while the lowest were recorded at Buzau and
Constanta (136.3 mm and 104.1 mm, respectively). In autumn, the share of precipitation
from the annual total is 22-27%. The wettest station is once more Rm Valcea (157.9 mm),
followed by Bucuresti-Baneasa (143.6 mm), while the driest are Buzau (111.6 mm) and
Constanta (116.1 mm) stations. Winter is the driest season in the study region, with
15-23% of the total annual precipitation. The highest shares are noted at Constanta (23%,
namely 100.8 mm) and Craiova (20%, namely 124.4 mm) because of the climatic influences
pronounced in this season of the Black Sea and the Mediterranean Sea, respectively. At
Craiova (124.4 mm) and Rm. Valcea (123.0 mm), the highest seasonal totals were recorded,
while the driest station in winter is Buzau (79.5 mm), which is under the influence of the
eastern continental circulation. The maximum number of rainy days (30— 36) was detected
for most stations in spring, except Constanta, where it is in winter (Figure 2). The minimum
number of rainy days occurs in autumn at all analyzed stations, in agreement with that
observed in Hungary [12].

Between 1961-2020, positive trends in annual precipitation amounts were identified at
all analyzed stations but were statistically insignificant, except for Constanta, where the
trend was statistically significant at a 0.05 level (Figure 2). At seasonal time scale, four
stations (Constanta, Craiova, Rm. Valcea, and Bucuresti-Baneasa) showed non-significant
positive trends for all seasons, except for Bucuresti, with non-significant negative trend in
summer. In the case of Buzdu station, non-significant negative trends were found in winter,
spring, and summer, while in autumn, the trend was positive but also not statistically
significant. It should be noted that previous studies in some stations in southern Romania
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showed significant positive trends in autumn [15,16]. These findings agree with the positive
trends observed during autumn in Hungary [12].

3.2. Extreme Precipitation Analysis (95th and 99th Percentiles)

Extreme precipitation variability was investigated based on the 95th and 99th per-
centile values computed from the daily precipitation time series and on the daily maximum
amounts registered at the selected weather stations during the period 1961-2020. As shown
in Table 1, the highest values of the 95th and 99th percentiles were found in three stations:
Bucuresti (21.6 mm and 39 mm), Buzau (20 mm and 38.6 mm), and Rm. Valcea (22.2 mm
and 38.2 mm). Bucharest and Rm. Valcea are the wettest ones in terms of annual precipita-
tion. The equivalent extreme values at the other two stations are 17.6 mm and 36.6 mm at
Constanta and Craiova, 20 mm and 37.8 mm, respectively. Regarding the absolute daily
maximum totals, the highest ones were noticed at Constanta (201 mm) and the lowest at
Craiova (84.8 mm). Comparing these absolute maximum values in Romania with those in
Hungary [12], it was found that the Romanian extremes are quite similar to the Hungarian
ones (except Constanta), but they are much lower than the Mediterranean extremes [30].
Regarding the ratio Abs Max/percentile, the highest values were found at Constanta, which
is the driest station out of the five under study.

Table 1. Extreme precipitation values for the five analyzed stations (1961-2020). The trends that are
statistically significant at a 0.05 level are marked with an asterisk.

Station Percentile Value of Xth perc. Mean No. of Abs. Daily Max Ratio
(mm) Days (mm) (Abs. Max)/Percentile
95&25 ‘Zﬁ?“le 216 (+) 57() 5.9
Bucuresti-Baneasa 126.4
99th Percentile
(Trend) 39.0 (-) 1.1() 32
95th Percentile
) (Trend) 20.0 (-) 5.3 (-) 45
Buzau 90.5
99th Percentile .
(Trend) 38.6 (-) 1.1(-% 2.3
95&2;; Zﬁ;‘“le 17.6 (+) 48(+) 114
Constanta 201.0
99th Percentile
(Trend) 36.6 (+) 1.0 (-) 55
95th Percentile 20,0 (+ %) 5.9 (+) 40
. (Trend)
Craiova 84.8
99th Percentile
(Trend) 37.8 (+) 1. 1(+) 2.2
95th Percentile
) (Trend) 22.2 (+) 6.3 (-) 44
Rm. Vélcea 97.8
99th Percentile .
(Trend) 38.2 (+) 1.3(-%) 2.6

The number of cases of extreme precipitation in the 95th percentile exceeds 300 days as
a total of stations under study, while for the 99th percentile, the calculated cases were over
60. Regarding the mean number of rain days exceeding the 95th and the 99th percentile,
it ranges from 4.8 (at Constanta) to 6.3 (at Rm. Valcea) for the first index and from 1.0
(at Constanta) to 1.3 (at Rm. Valcea) for the second.
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3.3. Atmospheric Circulation Types: Description, Frequencies, and Trends

In Romania, there is a rather limited number of studies on the objective classification
of the atmospheric circulation pattern. Among these, the ones published by [31] are worth
mentioning. They have used the Jenkinson—Collison objective methodology to achieve the
classification over the Romanian territory. Other studies have focused mainly on the links
between precipitation (liquid and solid) and large-scale atmospheric circulation [32-34], as
well as on the precipitation variability related to extratropical Mediterranean-originated
cyclones [35-38].

The classification scheme used in this paper consists of five anticyclonic types and
seven cyclonic types (Figure 3), which are classified primarily by their center location
(positive center-anticyclonic type and negative center—cyclonic type).

ol {8)7 e . hhd wwd (b) "
e g

1 I 0 L 1 T T {— T | A—
DA - (00 -5 00 Ol SO O 1R 2o 2RO L TRARE 4000 4500 S0 500 U080 G500 o 5 15000 INON 3500 00 4500 S000

Figure 3. The location of the anticyclonic (a) and cyclonic (b) circulation type centers. The first letter
of the acronyms indicates the anticyclonic (A) and cyclonic (C) types, and the other letters indicate the
position of the type compared to the center of the classification (e.g., Cse is a Cyclonic type located
at the southeast of the classification center; C is a Cyclonic type located exactly over the center of
the classification).

A classification scheme is effective if each type corresponds to a characteristic geopo-
tential pattern, which can easily be distinguished optically from the other types if it can
reproduce the wind flows at the surface and different heights or if it can reproduce the
meteorological conditions over the domain of interest.

Aiming to address these criteria, we computed the average anomaly seasonal maps
(composite maps hereafter) of the 12 circulation types (Figure 4). For all of them, the
t-test of a sample of the full range of positive and negative anomaly values, as well as
their maximum values, was applied to identify the differentiation among the resulting
circulation patterns of each type. It was found that all anomaly fields are significant at the
significance level of 0.05. The comparison of the anticyclonic and cyclonic types revealed,
as expected, reverse atmospheric circulation conditions. Moreover, the average annual
relative frequencies of the circulation types showed that 51.9% of the days correspond to
anticyclonic conditions and 48.1% to cyclonic ones (Table 2).

Table 2. Frequencies and trends of the twelve circulation types from the automatic classification
scheme (1961-2020). The trends (shown in brackets) that are statistically significant at a 0.05 level are
marked with an asterisk.

Period Anw Ane A Asw Ase C Cnnw Cwnw Cwsw Cssw Cse Cne

Annual 8.1(+) 9.4(+) 7.3(+ %) 14.1(+ %) 13.0(+ *) 7.4(-) 2.5(-%) 4.0(-%) 9.5(-%) 3.6(-%) 10.5(- *) 10.6(- *)
Winter 6.3(-) 6.3(-) 3.4(+) 10.0(+ *) 12.7(+ %) 5.6(- *) 3.6(-) 3.5(-%) 11.3(-) 5.5(-) 16.8(- *) 14.9(-*)
Spring 9.8(+) 6.9(-) 3.2(-) 11.5(+) 10.8(+ *) 6.7(-) 3.3(-%) 5.0(-*) 10.3(-*) 4.4(-%) 13.7(- %) 14.4(-%)

Summer  10.3(-) 12.6(+%)  13.5(+%) 17.5(-) 158(+%)  83(-% 0.8(-*) 3.5(-%) 6.0(-*) 1.6(-*) 5.1(-%) 4.9(-%)
Autumn  6.1(-%) 11.7(-) 9.0(+) 173(+)  12.8(+%) 9.0(+) 2.1(-%) 4.0() 10.3(- *) 3.0(- %) 6.4(-*%) 8.2(-%)
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Figure 4. Mean 500 hPa anomaly maps of the circulation types in winter. The solid lines are the
positive anomalies (anticyclonic), and the dashed lines are the negative ones (cyclonic). The bold
solid line is the zero anomaly.

Annually, the most frequent are the anticyclonic types Asw (14.1%) and Ase (13.0%),
and the cyclonic types Cne (10.6%) and Cse (10.5%). We should also mention that the two
cyclonic types that are mainly related with the highest percentages of precipitation (Cwsw
and C) have lower frequency of occurrence (9.5% and 7.4%, respectively).

The seasonal frequencies of the circulation types differ from the annual ones (Table 2).
In summer, the anticyclonic types are more frequent (69.7%) than the cyclonic ones (30.3%).
The highest frequencies are noted for Asw (17.5%), Ase (15.8%), and A (13.5%), while
among the cyclone types, C (8.3%) is the most frequent, followed by Cwsw (6.0%). In
winter, the atmospheric circulation is more cyclonic (61.3%) than anticyclonic (38.7%). The
cyclonic types with the highest frequencies in this season are Cse (16.8%), Cne (14.9%),
and Cwsw (11.3%), while the most frequent anticyclone is of the type Ase (12.7%). During
spring, the total frequencies of the anticyclonic and cyclonic types are 42.3% and 57.7%,
respectively. As in winter, the most common cyclonic types are Cne (14.4%), Cse (13.7%),
and Cwsw (10.3%), while Asw (11.5%) shows the highest frequency among the anticyclonic
types. Finally, in autumn, the anticyclonic types (56.9%) prevail over cyclonic ones (43.1%).
Asw (17.3%) followed by Ase (12.8%) are the most common anticyclone types, while Cwsw
(10.3%) and C (9.0%) showed the highest frequency among cyclones.

The analysis of the annual trends showed that the anticyclonic types tend to increase
in frequency (significant positive trends) apart from Anw and Ane, while the cyclonic types
present significantly negative trends, except for type C (Table 2). However, examining
each type separately, the results differ. Seasonally, the winter cyclonic trends are negative
and, in some cases, statistically significant, while the anticyclonic type trends are more
complex. The first two anticyclonic types (Anw and Asw) show non-significant negative
trends, while the other three show positive trends, but only the last two (Ane and Ase) are
statistically significant. Generally, in spring and autumn, the trends are quite similar and
negative for cyclonic types (except for C in autumn), while the anticyclonic types showed
mixed trends (Ase tends to have a statistically significant increase in both seasons, while
Anw has a significant decreasing trend). During summer, all cyclone types show significant
decreasing trends, while among the anticyclone types, three show significant increasing
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trends (Ane, A, and Ase), and two (Anw and Asw) show non-significant negative trends
(Table 2).

3.4. Relationship between Circulation Types and Precipitation

Annually, for all the five studied stations, the percentage of precipitation attributed
to anticyclonic types is 23.9% (Figure 5). Comparing this finding with the results of our
previous studies in other countries, it is found that this percentage is lower than the
one noted in Hungary (27.2%) [12], similar to that in Belgium (23.2%) [11], but much
higher than the one found for several Mediterranean stations (<10%) [30]. This high
percentage of precipitation related to anticyclonic types could probably be associated
with the instability of the higher altitudinal air masses over Romania compared to the
Mediterranean, especially for summer when the percentage of precipitation attributed to
anticyclonic conditions reaches up to 43.0%. In detail, the anticyclonic types associated
with the highest precipitation percentages are Ase, Ane, and Asw (Figure 5).
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Figure 5. Percentage (%) of precipitation attributed to each circulation type, as well as to all anticy-
clonic and cyclonic ones for all analyzed stations (1961-2020). The blue bars represent the percentage
for each circulation type individually. The orange (green) bar is for all the anticyclonic (cyclonic) types.

The center of these anticyclonic types is located, in the first case, in the southeast of
the country (atmospheric circulation flows from the southwest to all levels), in the second
case, in the northeast (atmospheric circulation flows from the northeast to all levels) and in
the last case, in the southwest (with the northwest circulation flow) (Figure 3). In all these
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cases, and even though with a different altitudinal circulation, the surface is characterized
by high pressure (generally with slack pressure field) and the prevalence of a cold front, or
occluded front, that is more or less active, which contributes to the increase in the instability
of the air masses.

On the other hand, it is obvious that annually (Figure 5), the percentage of precipitation
associated with the cyclonic conditions in the region is much higher (76.1%), with the
rainiest type being Cwsw (21%) followed by C (19.4%) and Cse (11%). Seasonally, the
highest percentage of precipitation attributed to cyclone types is in winter (93%) and the
lowest in summer (57%). Spring and autumn had almost the same percentage: 83.2% and
80.9%, respectively. The cyclone type Cwsw has the highest percentage of precipitation in
winter (30.4%) and spring (19.8%), while type C has the highest rainfall in summer (21.4%)
and autumn (26.6%). The second wettest cyclonic type for winter (15.5%) and spring (16.4%)
is Cse. It is found that type C, which is one of the wettest cyclonic types in Romania, the
Mediterranean region, and Belgium, is only the fifth in the hierarchy of wettest types in
Hungary (8.5%) on an annual time scale [12].

Annually, the trends in the precipitation heights associated with the anticyclonic types
are found to be positive and statistically significant for all stations, while in the case of the
cyclonic types, the trends are mixed but non-significant (Table 3). The seasonal analysis
showed significant increasing trends for precipitation of the anticyclonic type in spring and
summer (at Bucuresi and Buzau) and in autumn (at Buzau), while for cyclone types, only
one station (Buzau) showed significant positive trends in autumn. In terms of equivalent
rainy days, at the annual scale, significant positive trends were found at all stations for
the anticyclonic type and negative for the cyclonic type (Table 3). On a seasonal scale, the
trends in rainy days are similar but statistically significant only in some stations, especially
in spring and summer.

Table 3. Trends of the precipitation totals (positive (+) and negative (-) associated with anticy-
clonic and cyclonic conditions for all analyzed stations (1961-2020). The trends that are statistically
significant at a 0.05 level are marked with an asterisk.

Station Cé;;‘gﬁiﬁ? Parameter Annual Winter Spring Summer Autumn
Prec. +* + +* +* +
Anticycl.
Rain Days. +* + + +* +
Bucuresti-Baneasa
Prec. - + - - +
Cyclon.
Rain Days. -* - -* -* -
Prec. +* + + % +* +*
Anticycl.
Rain Days. +* + + +* +*
Buzau
Prec. - - - -* +*
Cyclon.
Rain Days. -* =¥ -* =¥ -
Prec. +* + +* + +
Anticycl.
Rain Days. +* + +* + +
Constanta
Prec. + + - - +
Cyclon.
Rain Days. -* - -* -* -
Prec. +* - +* + +
Anticycl.
Rain Days. +* + +* + +*
Craiova
Prec. + + 0 - +
Cyclon.

Rain Days. =¥ - -* - -
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Table 3. Cont.

Station

Circulation
Condition

Parameter Annual Winter Spring Summer Autumn

Rm. Valcea

Anticycl.

Prec. +* + + % + +

Rain Days. +* + +* +* +*

Cyclon.

Prec. + + - - +

Rain Days. - - - - -

The analysis of the precipitation trends per atmospheric circulation type at the annual
scale showed positive and statistically significant trends for the anticyclonic types Anw,
Asw, and Ase (Table 4). Conversely, negative statistically significant trends were found
for the cyclonic types Cwnw and Cse. We should also underline that the rainiest types (C
and Cwsw) present non-significant positive trends. The seasonal analysis revealed that
the precipitation amounts of Ase (spring, summer, and autumn) and Anw (spring) tend to
increase (statistically significant). In the case of cyclone-related precipitation, significant
negative trends were noticed for Cnnw (in summer and autumn), for Cwnw during spring
and summer, and for Cse type in winter. It should also be mentioned that precipitation has
non-significant positive trends for types C and Cwsw in winter, spring, and autumn and
non-significant negative trends in summer (Table 4).

Table 4. Precipitation trends per atmospheric circulation type for all analyzed stations (1961-2020).
The trends that are statistically significant at a 0.05 level are marked with an asterisk.

Period

A Asw Ase

Cnnw Cwnw Cwsw Cssw  Cse Cne  Anti. Cycl

Annual

Winter

+ - + - -* + + +

Spring

C

+ + * +* + + * + - =¥ - +* -
+
+

- -* + + - - +* -

Summer

Autumn

1
+ o+ |+ |+
+
«

+* + -* - + - - - + +

3.5. Analysis of the Circulation Types during Extreme Precipitation Events

Table 5 depicts the four circulation types with the highest absolute frequencies of
extreme precipitation (95th and 99th percentile) for each of the analyzed stations. Type
C is the most frequent for both percentiles at Bucuresti-Baneasa, Buzau, and Constanta,
and for the 99th percentile at Bucuresti-Baneasa, Buzau, Constanta, and Rm. Valcea. Type
Cwsw prevails during these extreme events at Craiova (for 95th and 99th percentile) and
Rm. Valcea (for 95th percentile). Also, the Cse type has a high frequency of occurrence at
Constanta station (both for the 95th and 99th percentile).

Dobri et al. [36] noted that the causes of the 24-hour extreme precipitation differ
between the cold and warm semesters in Romania. During the cold period, Atlantic
and Mediterranean origin cyclones tend to contribute to extreme precipitation over the
country. On the contrary, in the warm season, atmospheric instability is the main extreme
precipitation causative factor either because of the trough propagation from west to east or
of the cut-off lows located in the Romanian region, causing a very high instability over the
whole troposphere.
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Table 5. Extreme cases (95th percentile (white lines) and 99th percentile (grey lines)) and precipitation
amount per atmospheric circulation type for the selected station.

Percentage (%) of Percentage (%) of
Station Percentile Circulation Type Number of Days Days to the Total Precipitation to the
Extreme Days Total Annual Amount
C 79 23.3 244
Cwsw 67 19.8 20.0
95th
Cse 49 14.5 12.9
Bucuresti-Baneasa Cssw 15 13.3 13.1
C 19 28.8 30.9
o Cwsw 14 21.2 20.8
99t Cesw 8 12.1 11.9
Ase 6 9.1 8.5
C 83 26.2 26.4
Cwsw 62 19.6 19.1
95th
Cse 35 11.0 11.8
Buzau Cssw 29 9.1 10.0
C 19 30.2 28.7
u Cssw 8 12.7 13.9
9t Cse 8 12.7 12.6
Cwsw 7 11.1 12.3
C 67 23.2 26.2
Cse 63 21.8 19.0
95th
Cwsw 45 15.6 12.7
Constanta Cssw 27 9.3 8.6
C 21 36.8 36.8
- Cse 7 12.3 10.4
; Anw 5 838 89
Ase 5 8.8 8.0
Cwsw 86 242 23.2
C 65 18.3 19.2
95th
Cssw 50 14.0 13.9
Craiova Ase 45 12.6 13.8
Cwsw 17 27.0 23.5
_— C 13 20.6 21.3
t Ase 10 15.9 18.3

Cssw 7 11.1 11.2
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Table 5. Cont.
Percentage (%) of Percentage (%) of
Station Percentile Circulation Type Number of Days Days to the Total Precipitation to the
Extreme Days Total Annual Amount

Cwsw 107 28.5 27.6
C 76 20.2 221

95th
Ase 45 12.0 11.7

Rm. Valcea

Cssw 37 9.8 10.0
C 21 28.0 28.6
Cwsw 20 26.7 25.7
99th Ase 8 107 107
Cssw 7 9.3 9.6

Aiming at a more thorough examination of the atmospheric characteristics of the
extreme events, we computed the mean composite maps of all the circulation types, as
well as the composites of the two most common atmospheric circulation types associated
with the extreme precipitation events (days with precipitation equal or higher than the two
selected percentiles). Additionally, the difference maps (general mean field of type minus
mean field of type for extreme precipitation) were also computed to investigate potential
changes in the atmospheric circulation during days of extreme precipitation events.

The first case focuses on Bucuresti-Baneasa station for the 95th index, which, together
with the station of Constanta, has the absolute daily maximum. As mentioned above, the
dominant circulation type is cyclonic C. The composite analysis showed an extended nega-
tive anomaly area that covers central Europe, the Balkans, and part of the Mediterranean
region (Figure 6A1). The anomaly center is located in the center of Romania, while positive
anomalies are found in western Europe, eastern Mediterranean, and Turkey. The differences
map (Figure 6B1) revealed that a relatively large area is covered with positive differences,
mainly over the Balkan Peninsula. The center of the differences is over Romania, covering
also southern Italy and eastern Mediterranean. This shows that the average anomaly field
responsible for the extreme precipitation in the Bucuresti area is significantly different from
the general average field of type C. Extreme precipitation is the result of a perturbation
current with fronts, whose main trajectory of this pressure system is either from west to
east or from southwest to northeast, driven by the circulation in the altitude.

The second case concerns Buzau station and the 99th index. Type C prevails during
these extreme precipitation days, and as previously, the center of the negative anomalies
is found in central Romania. However, the area of negative anomalies is not so extended
as in the case of Bucuresti (Figure 6A2). The mean difference composite map (Figure 6B2)
depicts that the area of positive anomalies is also located in Romania, but it is more limited
in comparison with the Bucuresti one. Once more, the intense precipitation conditions are
associated with the perturbation current that moves from southwest to northeast or from
west to east due to atmospheric circulation at altitude.

At Constanta, the predominant circulation type for both indices is cyclonic C, with
67 and 21 cases (days) for the 95th and 99th percentiles, respectively (Table 5). For both
extreme indices, the mean anomaly and the difference field do not differ much from those
described for the previous two stations for the same circulation type. Thus, we decided to
examine type Cse, which is the second most frequent one during the extreme event days
(sixty-three and seven cases for the two indices). This cyclonic type has an anomaly center
over the southeastern part of the country. In the case of the 95th indeXx, a zone of negative
anomalies centered on northwest Turkey covers most of central and eastern Europe as well
as the eastern Mediterranean. Another zone of small positive anomalies covers the rest of
Europe and Scandinavia (Figure 6A3). The analysis of the difference spatial distribution
showed a pole of very strong positive anomalies located over the northwest of Turkey,



Atmosphere 2023, 14, 1345

15 of 20

covering central and eastern Mediterranean, the Balkan peninsula, and part of central

Europe (Figure 6B3).
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Figure 6. Anomaly (A1-A5) and difference maps (B1-B5) for the selected extreme precipitation

quantiles of the five analyzed stations.
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To the north of this positive anomaly pole, there is an extended area of negative
anomalies over the entire western, central and northern parts of Europe. The extreme
precipitation conditions linked with the Cse type can be partially associated with the
perturbation current that moves from the southwest to the northeast or from west to east due
to the higher atmospheric circulation, as well as with the perturbation current accompanied
by front movement from Scandinavia to the Black Sea [39]. The humidification of the
air masses from the Black Sea favors the cyclogenesis or the deepening of the cyclones,
resulting in intense precipitation conditions, especially during the warm season when
convective pluvio-generic mechanisms dominate [40,41].

In the case of Craiova station, the prevailing circulation type is Cwsw, with 86 and
17 days for the 95th and 99th indices, respectively. The analysis of the composites for the
95th index (Figure 6A4) shows an extended area of negative anomalies (between 30° N and
54° N of latitude and 0° E and 30° E of longitude) covering a large part of Europe and the
Mediterranean, except for the Scandinavian Peninsula. This anomaly center is found over
the Adriatic Sea. Conversely, positive anomalies are observed over eastern Mediterranean
and the Iberian Peninsula. The difference in spatial pattern revealed a prolonged zone of
positive values over the Balkan Peninsula, western Turkey, central Mediterranean, and
southern Italy (Figure 6B4). To their west, negative anomalies overlap the area from western
Mediterranean to the North Sea, as well as western and northern Europe. Thus, extreme
precipitation at Craiova is the result of a perturbation related to fronts, where the main
trajectory of the prevailing pressure system is from southwest to northeast, conducted by
upper-level circulation.

Finally, at Rm. Valcea station, type Cwsw prevails during the days of the 95th index
(107 days) and type C during the 99th index (21 days). The analysis of the 99th index
(Figure 6A5) showed an area of negative anomalies covering the Balkan Peninsula, as
well as the central and eastern Mediterranean and European parts. The center of these
anomalies is located in the south of Romania. The difference composite map depicts a
relatively limited area of positive anomalies, whose center is approximately at the same
position as the negative anomaly ones. It is worth mentioning that a part of northern
Romania is characterized by negative anomalies that also cover the largest part of eastern
and northern Europe and most of the Mediterranean region (Figure 6B5). This finding, as in
the case of Buzdu station, shows that the anomaly area of the 99th index is not necessarily
more intense than the 95th one. Thus, extreme rainfall in these two stations, when type C
prevails, is probably not just a result of the intensity of the 500 hPa anomalies, but there
seem to be other factors that contribute to the occurrence of these extreme events.

4. Discussion and Conclusions

The overarching goal of the present study is to identify and analyze the links between
the atmospheric circulation conditions and precipitation (mean and extreme) in southern
Romania. To fulfill this goal, we used an automatic objective classification scheme, which
provides a daily calendar of twelve atmospheric circulation types (five anticyclonic and
seven cyclonic), and we detected which of them prevail over the area of interest during the
days of extreme precipitation events. The study is focused on five weather stations with
available daily precipitation data for a sixty-year period (1961-2020).

Primer trend analysis showed that, in general, both mean and extreme precipitation
and rain days do not present significant trends, in agreement with the results of other
previous studies on precipitation variability in Romania and in the study area [13,42,43].
According to [41], the extreme precipitation indices for the Black Sea western coast do not
show a clear pattern of significant trends. Nevertheless, at Constanta, between 1961-2008,
a positive statistically significant trend in the annual amounts of precipitation cumulated
in the very wet days (rainfall amounts exceeding the 95th percentile) was noted, and non-
significant for those exceeding the 99th percentile (extremely wet days) [41]. An increasing
statistically significant trend in the annual precipitation amounts exceeding the 95th and
99th percentile was also found at Craiova (1961-2013), while at Rm. Valcea and Buzau,
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decreasing non-significant trends were noticed for the 95th percentile and no trends for the
99th percentile [43]. However, it should be mentioned that neither the general increase of the
annual precipitation amounts nor the systematic decrease (increase) of summer (autumn)
precipitation had statistically significant shifts, except for Constanta, where a statistically
significant positive trend in annual precipitation was found (at 0.05 level). Our findings are
similar to the results of other studies on precipitation in Hungary [12,44]. As concerns the
frequency and the intensity of extreme precipitation, non-significant changes were found,
except Craiova, with a statistically increasing trend in rainfall amounts exceeding the 95th
percentile. At Buzau and Rm. Valcea, decreasing significant trends were found in the mean
number of rain days exceeding the 99th percentile.

Regarding the atmospheric circulation characteristics over Romania, it was found
that annually, the anticyclonic and the cyclonic conditions have a similar frequency: 51.9%
and 48.1%, respectively. However, the anticyclonic/cyclonic types have positive /negative
trends that are almost significant everywhere, a finding that is consistent with other studies
in central Europe [12,45,46]. Moreover, the percentage of annual precipitation is mainly
attributed to cyclonic types (76.1%). This percentage is among the highest compared to
other central European regions [12,47]. On a seasonal scale, winter registers the highest
percentage of precipitation associated with cyclonic types (93%), and conversely, summer
has the lowest percentage (57%). During summer, precipitation is highly linked with
anticyclonic conditions. It is worth mentioning at this point that the maximum precipitation
heights of the anticyclonic conditions during summer are attributed mainly to the instability
of the atmosphere of weak upper-level anticyclonic conditions, resulting in convective
precipitation. Additionally, these conditions may also be observed during weak surface
anticyclonic circulation (anticyclonic slack pressure field) due to the prevalence of high
temperatures (thermo-convection) [36]. This is a common characteristic in all the continental
mid-latitude regions as in Hungary [12], while on the other hand, it is rarely observed in
the Mediterranean areas.

Dobri et al. [36] showed that from a total of 312 extreme precipitation days in Romania,
42.6% are related to high atmospheric instability, about 40% are linked to Mediterranean
depressions, and 17.1% are associated with Atlantic cyclonic activity. Thus, it seems that the
Atlantic cyclones may play a secondary but not at all negligible role in extreme precipitation
occurrence in southern Romania. Moreover, their influence is confined to the northern and
northwestern regions of Romania [36].

The non-significant precipitation trends in most of the stations (annually, in winter
and autumn) could be partially interpreted from the positive non-significant positive
precipitation trends in the frequency of the rainiest cyclone types. On the other hand,
the general decrease in rain days (except autumn) could be attributed to the significant
decrease in the frequency of cyclonic circulation types. It is important to note that the
occurrence of the wettest cyclonic types (C, Cwsw, and Cse) generally responsible for
extreme rainfall episodes is decreasing, both annually and seasonally (except in autumn for
C). The “statistical drivers” of the general lack of significant trends in extreme precipitation
could be partially interpreted by: a) the negative frequency trends in the circulation types
responsible for extreme rainfall (C, Cwsw, and Cse) and b) the positive trends in the
anticyclonic type frequency, in particular the Ase, whose trend compensates, at least
partially, the aforementioned negative trend. This anticyclonic type, which is very frequent
and is accompanied by extreme precipitation amounts, has both a significant increase of its
frequency as well as its precipitation mainly in summer, interpreting at least partially the
non-significant trend for extreme precipitation of the expected wetter types C, Cwsw, and
Cse. The only exceptions are the stations of Craiova, with a significant positive trend of the
value of the 95th percentile, and Buzdu and Rm. Valcea, with significant negative trends of
the mean number of days of the 99th percentile index.

The circulation types with extreme precipitation are characterized by zonal or south-
west circulation. These depressions are generated over the Mediterranean region, where
especially during the summer period, in the upper atmosphere, cut-off low systems located



Atmosphere 2023, 14, 1345

18 of 20

over Romanian often appear [36]. They arrive over the Black Sea, where they retrospectively
shift to the southeastern part of Romania [5,6]. Additionally, for the extreme rainfall at
Constanta, most of the depressions originated in northern Europe following a northwest-to-
southeast (Scandinavia-Black Sea) trajectory. According to [48] and [49], the Mediterranean
depressions along the Vb trajectory (Mediterranean to central Europe) are responsible
for more than 40% of central Europe’s 95th percentile rainfall and approximately 15% of
the days of extreme precipitation (99th percentile). This could be explained by the deep
depressions along the Vb trajectory during all seasons over central Europe, the fact that
these depressions remain longer in this area due to the cyclonic path from their center to the
surface moving towards the northeast and by the fact that their average precipitation inten-
sity is much higher compared to the Atlantic depressions [47]. According to Nita et al. [37],
there is an increase in the cyclonic activity over Romania during the period 1979-2010.
We consider that this behavior of the Mediterranean depressions along the Vb trajectory
could be attributed to many factors, including their prolonged stay over this area, their
greater intensity, and finally, their much heavier accompanied rainfall in comparison to
the equivalent Atlantic depressions. All these agree with the results of [47]. Moreover, the
retrograde Mediterranean cyclones are one of the main drivers for the precipitation excess
over the Sub Carpathians region and the southern part of the country [36].

The atmospheric circulation effect on extreme precipitation is probably related to the
simultaneous occurrence of many factors, such as the frontal passage, the distance between
the station and the center of the depression [50], the positive vorticity effect, and finally,
the deepening degree of the pressure system. Also, there seems to be a strong connection
between the positive tendency in vorticity and the decrease in the mean depth of SLP
(Sea Level Pressure) cyclones over the area of interest [36]. Previous studies [11,12], fully
validated the latter factor; however, the present analysis does not apply in all cases. As
mentioned above, the negative anomaly field of the extreme precipitation (99th percentile)
at Buzau and Rm.Valcea is weaker, even from the equivalent fields of the 95th percentile
of the rest of the stations. In any case, the dynamic analysis of the circulation patterns
responsible for extreme precipitation only partially explains this phenomenon [11,12].
Therefore, other physical factors and meteorological elements should also be analyzed to
obtain a more complete physical interpretation of the present findings.

Cut-off low systems or situations seem to play a significant role in summertime atmo-
spheric instability, resulting in extreme rainfall. Their presence in the upper atmosphere
leads to energy exchange between the troposphere and stratosphere, making the inter-
pretation of the adjustment phenomena more complex. This difficulty is due to the fact
that these cut-off lows are demonstrated with a weak surface anticyclone with a slack
pressure field over the country [51]. So, it should be noted that the occurrence of summer
intense/extreme precipitation amounts over certain Romanian weather stations, with the
prevalence of Ase type, is attributed mainly to the aforementioned atmospheric conditions
(higher cut-off low and weak anticyclone with a slack pressure field in the surface).

As a future work, the authors aim to analyze further the relationships between the
circulation types and precipitation over Romania, using data derived from a higher number
of weather stations covering the whole of Romania to investigate whether the results of
this work apply to all regions of Romania or there is a differentiation in the relationship
between circulation types and precipitation in some areas within Romania.
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