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Abstract: The primary aim of this study is to examine the characteristics of atmospheric circulation
patterns at various geopotential levels and their relationship with precipitation in southern Romania
during the period from 1961 to 2020. Daily geopotential heights (1000 hPa, 850 hPa, 700 hPa and
500 hPa) were utilized in an automatic updated atmospheric circulation scheme for the creation of
daily calendars of 12 circulation types (5 anticyclonic and 7 cyclonic) as well as daily time series
derived from five stations over the domain of interest. To assess the influence of the atmospheric
circulation on precipitation, correlations and time trends were explored between the rainfall totals
and the different circulation types. The findings reveal a rising trend in anticyclonic circulation types
across the region, while cyclonic types exhibit a consisted decrease. Precipitation and number of rain
days percentages associated with specific cyclonic types depend on the geopotential levels, while
annual and seasonal precipitation linked to cyclonic types decreases progressively from higher to
lower levels. The strongest correlations in circulation type frequencies are observed between adjacent
circulation types. Taylor diagram analysis indicates that the relationships between circulation types
and precipitation vary both seasonally and across different atmospheric levels. Notably, the two
rainiest circulation types are more accurately simulated at higher atmospheric levels (700 hPa and
500 hPa).

Keywords: atmospheric circulation types; precipitation heights; southern Romania; frequency of
anticyclonic and cyclonic types

1. Introduction

Precipitation has always been a vital climatic parameter for both society and the en-
vironment, as its variability can profoundly impact numerous socio-economic activities
and the functioning of natural ecosystems. Understanding the mechanisms that control
precipitation characteristics is therefore of great scientific and practical importance. This
interest is heightened in the context of climate change, where society is increasingly con-
fronted with extreme rainfall events [1], such as droughts and heavy rains, which cause
significant damage on both global and regional scales.

One of the primary scientific concerns for climatology researchers is the analysis of the
spatio-temporal variability of precipitation. The outcomes of such studies offer valuable

Atmosphere 2024, 15, 1027. https://doi.org/10.3390/atmos15091027 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos15091027
https://doi.org/10.3390/atmos15091027
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-2737-5297
https://orcid.org/0009-0003-1679-719X
https://orcid.org/0000-0002-5517-8151
https://doi.org/10.3390/atmos15091027
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos15091027?type=check_update&version=1


Atmosphere 2024, 15, 1027 2 of 16

insights for various socio-economic sectors that are closely linked to precipitation, including
water resource management and agriculture [2–4]. However, to accurately understand and
predict precipitation variability and future trends, it is crucial to identify and analyze the
physical factors that influence the frequency and magnitude of precipitation in each region.

The atmospheric circulation is the key driver of the formation and variability of
precipitation. Thus, to understand to what extent precipitation is influenced by atmospheric
pressure systems (even in different levels), research focused on the relationships between
the atmospheric circulation characteristics and precipitation-related indices is crucial. The
determination of these connections allows for the estimation of possible precipitation
alterations based on the identified changes in atmospheric circulation [5]. The relationship
between the circulation types and precipitation, for different countries in Europe, was
highlighted in studies carried out by several authors [6–10]. One of the highlights of Lopez-
Moreno et al. [6] was the fact that winter NAO (North Atlantic Oscillation) has a substantial
impact on the climate and especially the precipitation conditions in mountainous areas
of the Mediterranean region, even though the influence is not that strong at the eastern
parts of the domain of study. The findings of Balataci et al. [7] for the area of Turkey
(Marmara Region) indicated that the response of precipitation to atmospheric circulation
is both complex and spatially heterogeneous, reflecting the area’s intricate topography.
Moreover, utilizing the 26-type Lamb scheme for Serbia, Putniković and Tošić [8] note that
the observed positive trend of C circulation types and the corresponding decrease in A types
align with the increasing trend in autumn precipitation in Serbia, suggesting that the C type
plays a significant role in precipitation occurrence across the country. The investigation
of the atmospheric circulation and extreme precipitation over Italy revealed that their
relation was highly dependent on latitude, orographic exposure, and seasonal variation,
and only a limited number of circulation types exhibited a significant relationship with the
examined extreme precipitation index [9]. The author underlines that the index trend is
more strongly affected by changes in the internal characteristics of the circulation types
rather than by shifts in their frequencies. However, this influence exhibits considerable
spatial heterogeneity across Italy. Finally, and especially for central Italy, Silvestri et al. [10]
found that the decreasing annual precipitation trend could be attributed to alterations in
both the frequency and internal characteristics of the predominant circulation weather
types that influence precipitation. Nevertheless, the substantial impact of orography and
air–sea interactions in this region adds complexity to the relationship between circulation
weather types (CWT) and precipitation patterns [10].

In Romania, the variability of precipitation in relation to atmospheric circulation has
been the subject of relatively few studies. The majority of research efforts have concentrated
on analyzing precipitation variability at both national and regional scales, with a focus on
identifying observed trends and projecting future changes. Since 1961, various authors have
documented shifts in the variability of annual and seasonal rainfall, exhibiting spatially
heterogeneous trends. While annual precipitation patterns have remained largely stable,
significant positive trends have been observed during the autumn season at numerous
stations, particularly in the central and western regions, as well as in the extreme southern
areas along the Danube River. Conversely, negative trends have been detected at only
a few isolated stations [11–17]. Some changes were also reported in the annual rainfall
regime [18] Between 1961 and 2010, changes in rainfall extremes were also detected in
Romania: significant positive trends were found in both the frequency of very wet days
and maximum daily rainfall, during autumn, as well as in the maximum duration of dry
spells, during summer [19]. Over the period 1961–2013, negative trends were noted in the
annual number of rain days and dominant positive trends were noted in the number with
heavy precipitation exceeding 10 mm/day [20]. In recent decades (1991–2020), the average
number of days with more than 20 mm/day was higher compared to that in the period
1961–1990 for most stations in Romania [15]. At a regional scale, spatial and temporal
precipitation variability and trends (annual, seasonal and extreme) have been analyzed by
several authors [17,21–26].
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While the variability of precipitation in Romania has been extensively studied, there
are only a few studies that explore the connection between atmospheric circulation and pre-
cipitation. Most of these studies focus on the relationship between precipitation (and related
parameters) and large-scale circulation patterns [19,27,28]. Some researchers focused on the
role of the Mediterranean cyclones in the weather and climate in Romania [29,30], while
very few studies addressed the connection between circulation types/synoptic conditions
and precipitation. Such a study was conducted by Rimbu et al. [31], analyzing the links
between blocking circulation and precipitation extremes over Romania in summer. Dobri
et al. [32] explored the distribution of the monthly 24 h maximum amount of precipitation
in relation to their synoptic cause. The authors showed that during the cold semester,
the Atlantic and Mediterranean cyclones are the ones responsible for the high amount of
precipitation in 24 h. During the warm semester, there is an atmospheric instability induced
either by the movement of troughs from west to east towards the middle of the continent
or by cut-off lows systems located over Romania. From a total of 312 extreme precipitation
days in Romania, 42.6% are associated with the high atmospheric instability, about 40%
are related to Mediterranean depressions and 17.1% are related to the Atlantic cyclonic
activity [32].

Tolika et al. (2023) [33] examined the variability of precipitation (mean and extreme)
and their links with the atmospheric circulation types (at the 500 hPa level) over southern
Romania between 1961 and 2020. The study is based on an automatic objective classifi-
cation scheme which provides a daily calendar of 12 atmospheric circulation types (five
anticyclonic and seven cyclonic) and on the processing of daily precipitation time series
from five weather stations in the study region. The results showed non-significant positive
trends for the precipitation amounts related to very rainy circulation types annually, in
winter, spring and autumn, while for summer, the trends were negative. The authors found
that during extreme precipitation events, the dominant circulation types are most related
to western circulation and Mediterranean- or Atlantic-originated depressions.

The present paper aims to extend the previous study [33] by investigating the relation-
ship between the atmospheric circulation types and precipitation at four geopotential levels
(1000 hPa, 850 hPa, 700 hPa and 500 hPa) over the period 1961–2020 to identify specific
features of the atmospheric circulation types at different levels and possible connections
with rainfall-related indices. It provides new and original results for better understanding
the characteristics of the atmospheric mechanisms controlling precipitation in southern
Romania. Following the introduction, the study area, data, and methods are described in
Section 2. The results are presented in Section 3, where several issues are addressed: (i) fre-
quencies of atmospheric circulation types (Section 3.1); (ii) correlation coefficients between
the frequencies of anticyclonic and cyclonic circulation types at the selected geopotential
levels (Section 3.2); and (iii) frequencies and trends in annual and seasonal precipitation
depending on the relation with the circulation types (Section 3.3). Section 4 is devoted to
discussions and conclusions.

2. Materials and Methods
2.1. Study Area: General Geographic and Climatic Features

The study area is located in southern Romania, extending from the foothills of the
Carpathians (in the north) to the Danube River (in the south and east). It also includes
the Dobrogea region, located in southeast Romania, bordered by the Danube River (to the
west and north) and the Black Sea (to the east) (Figure 1). Most of the study area overlaps
the large Romanian plain with altitudes lower than 300 m. To the north and northwest,
the altitudes increase to 400–700 m in the Getic Piedmont. Dobrogea region has a hilly
landscape lower than 500 m in altitude (Table 1).
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Figure 1. The physical map of Romania and the location of the five analyzed weather stations (marked
in red). In Bucharest (Bucures, ti in Romanian), the analyzed station is named Bucures, ti–Băneasa).

Table 1. Main geographical characteristics of the meteorological stations under study. * In degrees:
minutes: seconds. Data on the latitude, longitude and elevation were extracted from the European
Climate Assessment & Dataset (ECA&D) database. ** Based on the data extracted from the ECA&D
database, over the period 1961–2020. *** Based on the data provided by the National Meteorological
Administration, over the period 1961–2020.

Station Name Latitude * (North) Longitude * (East)
Elevation (m

above Sea Level,
a.s.l. hereafter.)

Average Annual
Precipitation **

(mm)

Average Annual
Temperature ***

(◦C)

Constant,a 44:13:12 28:37:48 13 432.1 12.1

Bucures, ti–Băneasa 44:31:00 26:04:59 90 622.2 10.5

Buzău 45:07:59 26:51:00 97 527.4 11.2

Craiova 44:13:48 23:52:12 192 607.6 11.1

Râmnicu Vâlcea 45:06:00 24:22:12 239 710.7 10.8

Overall, the study area has a temperate continental climate, controlled by four major
types of air circulation that act on the European scale, namely, western (with the highest
frequency), polar, tropical and blocking circulation. Several atmospheric pressure systems
(cyclones and anticyclones) play a significant role in the climate in the Romanian region:
the Azores and East-European anticyclones and the Mediterranean and Icelandic cyclones,
while the Greenlandic, Scandinavian and North African anticyclones affect the Romanian
climate characteristics, but at a lower level [16,34].
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Due to its geographical location, the climate in the western part of Romania is in-
fluenced by both Mediterranean (southern) and Atlantic (western) air masses, while the
eastern part is impacted by continental influences and the proximity to the Black Sea [14].
The Carpathian Mountains, which exceed 2000 m in elevation, with a maximum peak
of 2544 m, play a significant role in shaping the region’s climate. They affect regional
atmospheric dynamics, alter the paths of atmospheric fronts and cyclones and have a
broad impact on the local climate and weather patterns [33]. The predominantly east–west
orientation and curved shape of the Carpathians, particularly in the northern part of the
study area, create an orographic barrier that influences air mass movement and facilitates
the occurrence of the foehn effect, especially in the external areas of the curvature [35].

In the above-mentioned synoptic and topographical context, the climate in the study
area is characterized by cold winters (except for the Dobrogea region, with milder winters,
due to the influence of the Black Sea), quite hot and humid summers (with significant
precipitation amounts, especially in June) and dry weather in early autumn [36]. Despite the
relatively small altitude variations throughout the study region, there are spatial climatic
differences caused by local or regional factors (as mentioned above).

The annual amount of precipitation over the study area varies spatially from less than
300 mm/year (in the eastern extremity) up to about 700 mm/year in the hilly region (Getic
Piedmont). During the year, the rainiest period is, in general, late spring–early summer
(April–July), while the driest period is the first part of autumn (September–October) and
winter [36]. In the western and eastern parts, the winter is more humid than in the rest of the
region due to of the influence of the wetter (maritime) air masses from the Mediterranean
Sea and the Black Sea, respectively. The maximum rainfall in the spring–summer period is
related to the more intense activity of the Atlantic cyclones that enter the continent up to the
region of Romania, as well as to the intense cyclonic activity over the Mediterranean region.
The dry weather in autumn is associated with the dominantly anticyclonic conditions, while
the low precipitation in winter is associated with the dominance of the eastern (continental)
atmospheric circulation [27].

No clear, statistically significant trends in precipitation (annual, seasonal and monthly)
were noted in the study area in the last three to six decades [26,37]. Hence, precipitation
variability can be considered as quasi-stationary. The trend analysis of the annual amount
and extreme precipitation at five weather stations in the study area between 1961 and
2020 did not show statistically significant trends. However, some exceptions were noted:
significant negative trends were found for annual precipitation at Constant,a (on the Black
Sea coast), for the daily precipitation totals greater than the 95th percentile at Craiova and
for the number of days exceeding the 99th percentile at the Buzău and Râmnicu Vâlcea
weather stations [33]. Croitoru et al. [20] analyzed several daily extreme precipitation
indices over the period 1961–2013 over Romania and concluded that the weather became
more extreme in terms of precipitation intensity and frequency. Also, it is worth noting that
there was a higher frequency of significant changes detected for the indices SDII (Simple
Daily Intensity Index) and R95p (number of very wet days), especially in the eastern part of
the study area (in Dobrogea). In the case of other indices, the identified trends were mostly
spatially heterogeneous, both increasing and decreasing, but statistically insignificant [20].

The model’s future simulations over the area of interest indicate significant differences
between the cold and warm seasons. During summer, the EURO-CORDEX regional climate
models showed in southern Romania, for the period 2071–2100, a decrease of precipitation
up to 20% (RCP4.5) and 30% (RCP8.5), with the biggest decreases in Dobrogea region. In
winter, the projections revealed a precipitation increase of up to 15% (RCP 4.5) and up to
25% (RCP 8.5), with the largest increases in the western part [20]. Both scenarios showed
statistically significant increases in the annual number of very wet days (R20 index) and
the annual total wet days (PRCPTOT index), mainly in the eastern part of the study area
and more evident for RCP8.5 [38].
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The favorable geographical conditions make Southern Romania a quite dense and
highly socio-economically developed region, with large water demands for multiple needs
(population, industry, agriculture, etc.). The Romanian Plain is the most important agri-
cultural region of the country, highly dependent on precipitation, due to the rather small
irrigated areas. The country’s capital, Bucharest, and other large cities with socio-economic
and administrative functions (e.g., county residences, such as Craiova, Pites, ti, Ploies, ti,
Buzău, Constant,a, etc.), as well as many smaller settlements, are located in the study area.
Since precipitation plays a crucial role in ensuring water resources for various uses, this
area is highly vulnerable to water deficit and drought. In the context in which, in recent
decades, aridization trends have been reported in Southern Romania [37,39] and the future
projections show significant decreases in precipitation amounts in summer [15], it is likely
that the risk induced by water deficit will increase. On the other hand, excess precipitation
(i.e., heavy rains) can cause serious social-economic consequences because of the floods.

In such context, studies on atmospheric circulation in relation to precipitation could
help in better understanding the characteristics of the atmospheric mechanisms controlling
the precipitation formation and variability. Such studies could provide useful scientific-
based information for regional sustainable development strategies, in accordance with
identified and forecasted changes in atmospheric circulation and precipitation.

2.2. Data and Methodology

The classification of circulation types is developed using geopotential height anomalies.
The time period of the analysis is from 1961 to 2020, as in [33]. The classification scheme
used in this paper consists of five anticyclonic types and seven cyclonic types (Figure 2),
which are classified primarily by their center location (positive center—anticyclonic type
and negative center—cyclonic type). Based on the literature criteria [40], a classification
scheme is effective if each type corresponds to a characteristic geopotential pattern which
can easily be optically distinct from the other types, if it can reproduce the wind flows at
the surface and at different heights and if it can reproduce the meteorological conditions
over the domain of interest.
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Figure 2. The location of the anticyclonic (a) and cyclonic (b) circulation type centers (A: anticyclonic;
C: cyclonic. n: north; s: south; e: east; w: west, e.g., Anw, anticyclonic North West).

Two different datasets are used in the present study: (i) Daily geopotential heights at
1000 hPa, 850 hPa, 700 hPa and 500 hPa geopotential levels extracted from NCEP/NCAR
reanalysis data [41]. The resolution of the reanalysis data is 2.5◦ × 2.5◦ within the area
20◦ N–75◦ N and 25◦ W–50◦ E. The coordinates of the main central grid point for the
classification are the same as in Tolika et al. [33], 45◦ N and 25◦ E. (ii) Daily precipitation
time series, covering a 60-year period (1961–2020) recorded at five selected 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.),
Râmnicu (Rm.) Vâlcea (located in a hilly area at the foot of the Carpathians, in a valley
corridor, at 239 m a.s.l.), Bucures, ti (Bucharest)–Băneasa (nearly in the central part of the
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Romanian Plain, at 90 m a.s.l.), Buzău (in the northeastern part of the study area, 97 m a.s.l.)
and Constant,a (in the eastern extremity, on the Black Sea coast, at 13 m a.s.l.) (Table 1,
Figure 1). The precipitation data series were extracted from the ECA&D (European Climate
Assessment & Dataset) database freely accessible at https://www.ecad.eu/, accessed on 22
April 2024.

Based on the automatic classification scheme, four different daily circulation type
calendars were created for four geopotential levels (1000 hPa, 850 hPa, 700 hPa and 500 hPa)
using the anomalies of the geopotential heights and the analysis of their frequencies and
trends [40]. The use of anomalies of geopotential heights eliminates seasonality, and the
main centers of action, anticyclones or depressions, are easily detectable. Second, an
analysis of precipitation in the south of Romania in relation to the types of circulation at
different geopotential heights for these same areas and their linear trends was also carried
out. Figure 3 depicts the mean seasonal maps of the 12 circulation types for the winter
season. The reader can easily note the perfect match of the centers of the circulation types
(Figures 2 and 3), the magnitude of the positive (negative) anomalies of the anticyclonic
(cyclonic) types as well as the spatial distribution and morphology of each type of anomalies.
We chose to present the winter mean anomaly composites since, in winter, the atmospheric
circulation in mid-latitudes is more stable and organized in comparison to that of the rest
of the seasons. Thus, the most optimal circulation type mean pattern is reproduced.
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Figure 3. Mean 500 hPa anomaly maps (hPa) of the five anticyclone circulation types (Anw, Ane, A,
Asw and Ase) and the seven cyclone circulation types (C, Cnnw, Cwnw, Cwsw, Cssw, Cse and Cne)
for winter. Solid lines: positive anomalies; dashed lines: negative anomalies.

The trends and their statistical significance were explored and tested, on annual
and seasonal time scales, using the Mann–Kendall test. Finally, we analyzed the linear
correlations between the frequencies of the circulation types for the different altitude levels.
These correlations were tested by Spearman’s Ro. The ultimate goal is to thoroughly
analyze the advantages and disadvantages of different geopotential areas for the study of
the relationships between precipitation and circulation patterns in the south of Romania.

https://www.ecad.eu/
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3. Results
3.1. Frequencies of the Atmospheric Circulation Types

The relative frequencies of the 12 circulation types divided into anticyclonic and
cyclonic groups at the four geopotential heights are depicted in Table 1. On the annual
scale, the anticyclonic types have slightly higher frequencies than the cyclonic ones: the
500 hPa has the maximum of the anticyclonic frequencies (51.9%), while the 1000 hPa has
the minimum frequencies (50.3%). In winter and spring, while these percentages are very
similar for all geopotential levels, cyclonic types are more common; the 700 hPa area has
the maximum frequencies in winter (63.8%) and in spring (58.7%). In summer, most of the
anticyclonic types appear with the highest frequency (69.9%) at 850 hPa, while at 500 hPa
the highest frequencies are found in autumn (56.9%).

Trends in circulation types appear to be significant at the threshold of 0.05 in the
majority of the cases (Table 2): positive for anticyclonic and negative for cyclonic, except
in autumn for anticyclonic types at 700 hPa, 850 hPa and 1000 hPa, for cyclonic types at
1000 hPa and for winter at 1000 hPa.

Table 2. Seasonal and annual trends and frequencies of circulation types, anticyclonic (antic) and
cyclonic (cyclo) (as a percentage), in southern Romania (1961–2020) for the levels of 500 hPa, 700 hPa,
850 hPa and 1000 hPa. Significant positive (+) and negative (−) trends (at the threshold of 5%
according to the Mann–Kendall test) are marked with an asterisk (*).

Geopot. Level 500 hPa 700 hPa 850 hPa 1000 hPa

Time period Antic Cyclo Antic Cyclo Antic Cyclo Antic Cyclo
Winter + * − * + * − * + * − * + −

38.7 61.3 36.2 63.8 37.2 62.8 38.1 61.9
Spring + * − * + * − * + * − * + * − *

42.3 57.7 41.3 58.7 42.2 57.8 42.4 57.6
Summer + * − * + * − * + * − * + * − *

69.7 30.3 69.6 30.4 69.9 30.1 67.7 32.3
Autumn + * − * + − * + − * + −

56.9 43.1 55.1 44.9 55.1 44.9 52.7 47.3
Annual + * − * + * − * + * − * + * − *

51.9 48.1 50.6 49.4 51.2 48.8 50.3 49.7

Finally, in general, regarding the individual frequencies of the types, there is a gradual
decrease, from 500 hPa to 1000 hPa, of the frequencies of the cyclonic types, the center of
which is located in the center (C) and in the south (Cwsw) of Romania, in favor of the types
located in the north of the country (increase in the frequencies from 500 hPa to 1000 hPa)
(Cne, Table 3).

Table 3. Annual and seasonal trends and frequencies (%) of the five rainiest cyclonic circulation
types in southern Romania (1961–2020) for the four geopotential levels. Significant positive (+) and
negative (−) trends (at the threshold of 5% according to the Mann–Kendall test) are marked with an
asterisk (*).

Geopotential Level Time Period C Cwsw Cssw Cse Cne

500 hPa

Winter
− * − − − * − *
5.6 11.3 5.5 16.8 14.9

Spring − − * − * − * − *
6.7 10.3 4.4 13.7 14.4

Summer
− * − * − * − * − *
8.3 6.0 1.6 5.1 4.9

Autumn
+ − * − * − * − *

9.0 10.3 3.0 6.4 8.2

Annual
− − * − * − * − *
7.4 9.5 3.6 10.5 10.6
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Table 3. Cont.

Geopotential Level Time Period C Cwsw Cssw Cse Cne

700 hPa

Winter
− * − − * − * − *
4.5 11.5 5.8 17.4 15.8

Spring − − − * − * − *
7.2 9.7 4.5 11.4 16.8

Summer
− * − * − * − * − *
7.7 6.6 2.4 3.1 7.2

Autumn
− − − * − * − *
6.9 9.6 4.7 6.2 10.4

Annual
− − * − * − * − *
6.6 9.3 4.3 9.5 12.5

850 hPa

Winter
− * − − − * −
4.8 11.5 5.4 14.5 16.3

Spring − − − * − * −
7.3 9.3 4.3 10.3 17.4

Summer
− * − * − * − * − *
5.7 6.4 2.9 2.7 8.9

Autumn
− − − − * −
5.8 9.1 4.9 6.4 11.3

Annual
− * − − − * −
5.9 9.1 4.4 8.4 13.5

1000 hPa

Annual
− * − * + − * + *
6.7 8.0 3.8 8.5 15.4

Winter
− * − − − * −
7.0 10.0 4.4 12.9 16.8

Spring − * − * − * − * +
7.4 8.0 4.4 9.7 19.3

Summer
− * − * − * − * −
5.5 5.5 2.6 3.2 12.0

Autumn
− * − − * − * +
6.7 8.4 3.7 8.2 13.5

3.2. Correlation Coefficients between the Frequencies of Anticyclonic and Cyclonic Circulation
Types at the Four Selected Geopotential Levels

The temporal correlation coefficient (cc) for the period 1961–2020 was calculated for
each season to assess the relationship between the average fields of circulation types (anti-
cyclonic and cyclonic) across four geopotential height levels. The results of this correlation
analysis are presented in Tables 4 and 5. Correlations between the same circulation types
(anticyclonic/anticyclonic or cyclonic/cyclonic) across all levels show positive values, while
correlations between anticyclonic and cyclonic circulation types exhibit negative values.

Table 4. Correlation coefficients between the frequencies of anticyclonic (antic) and cyclonic (cyclo)
circulation types at the four selected geopotential heights for winter (red) and spring (blue).

Time
Period

Geopotential
Level

Spring

500 hPa 700 hPa 850 hPa 1000 hPa
Antic Cyclo Antic Cyclo Antic Cyclo Antic Cyclo

Winter

500 hPa
Antic 1 −1 0.952 −0.952 0.839 −0.839 0.629 −0.629
Cyclo −0.999 1 −0.952 0.952 −0.839 0.839 −0.629 0.629

700 hPa
Antic 0.961 −0.958 1 −1 0.926 −0.926 0.750 −0.750
Cyclo −0.962 0.962 −1.000 1 −0.926 0.926 −0.750 0.750

850 hPa
Antic 0.905 −0.901 0.961 −0.960 1 −1 0.897 −0.897
Cyclo −0.906 0.903 −0.962 0.961 −1.000 1 −0.897 0.897

1000 hPa
Antic 0.770 −0.765 0.859 −0.857 0.941 −0.940 1 −1
Cyclo −0.771 0.768 −0.859 0.857 −0.940 0.940 −0.999 1
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Table 5. Correlation coefficients between the frequencies of anticyclonic (antic) and cyclonic (cyclo)
circulation types at the four selected geopotential heights for summer (red) and autumn (blue).

Time
Period

Geopotential
Level

Autumn

500 hPa 700 hPa 850 hPa 1000 hPa
Antic Cyclo Antic Cyclo Antic Cyclo Antic Cyclo

Summer

500 hPa
Antic 1 −1 0.928 −0.928 0.740 −0.740 0.515 −0.515
Cyclo −1 1 −0.928 0.928 −0.740 0.740 −0.515 0.515

700 hPa
Antic 0.899 −0.899 1 −1 0.879 −0.879 0.703 −0.703
Cyclo −0.899 0.899 −1 1 −0.879 0.879 −0.703 0.703

850 hPa
Antic 0.695 −0.695 0.880 −0.880 1 −1 0.893 −0.893
Cyclo −0.695 0.695 −0.880 0.880 −1 1 −0.893 0.893

1000 hPa
Antic 0.470 −0.470 0.706 −0.706 0.915 −0.915 1 −1
Cyclo −0.470 0.470 −0.706 0.706 −0.915 0.915 −1 1

In winter, the circulation patterns at 1000 hPa have correlation coefficients (cc) with
other surface circulation patterns varying between 0.765 and 0.962 (Table 4). In spring,
the correlation coefficients are lower (0.629 to 0.952). It should be noted that the highest
cc values for both winter and spring occur between the closest surfaces (winter—0.962
between the cyclone types of 700 hPa and 500 hPa). The cc values for summer and autumn
appear to be relatively lower than those for winter and spring. The quantification was
made by comparing their maximum and minimum values. These values range from 0.915
to 0.470 for the summer and from 0.928 to 0.515 for autumn. Once again, the highest cc
values appear between the closest surfaces (Table 5).

A comparison with the corresponding correlation coefficients in other regions shows
that in Romania, in winter and spring, the cc is higher (in summer) and lower (in autumn)
in comparison with the equivalent ones for Greece [42], while compared to Lebanon, they
are higher during all seasons [43].

3.3. Frequencies and Trends in Annual and Seasonal Precipiation Depending on Their Relation
with the Circulation Types

The annual and seasonal precipitation heights (in percentages) of cyclone types
(Table 6) show a gradual decline from upper levels (500 hPa) to lower levels (1000 hPa),
and, on the contrary, anticyclonic precipitation shows an increase in areas above the lower
surfaces. Seasonally, as shown in Table 6, which summarizes the results for only the five
rainiest cyclonic types, winter has the highest percentage of cyclone precipitation (92.8%
at 700 hPa), followed by spring (83%, also at 700 hPa). On the contrary, the highest per-
centages of anticyclonic precipitation are found in summer; this percentage progressively
increases from higher levels (43.0% at 500 hPa) to lower levels (55.8% at 1000 hPa). This
latter percentage is higher than the cyclonic type one (44.2%) for the same season and the
same area. Regarding the maximum rainfall heights per surface, there is a fairly large
variation between the types of circulation (Table 7). The cyclonic type Cwsw shows the
maximum percentage for the annual rainfall at 500 hPa (21.5%) and for the winter rainfall
for all geopotential levels (500 hPa—30.5%, 700 hPa—26.8%, 850 hPa—21.8%), except those
of the 1000 hPa where the maximum is shown in the circulation type Cse (23.3%). The
cyclonic type C shows the maximum rainfall amount mainly in summer and autumn for
the three highest surfaces. Finally, for 1000 hPa, the annual rainfall amount is found in the
type Cne (17.3%), as well as the maximum amounts of spring (20.6%) and summer (16.8%).

Trends in annual and seasonal anticyclonic precipitation for all surfaces are positive
and significant at the 5% signification level of the Mann–Kendall test, with some exceptions,
especially at 1000 hPa (Table 6). On the contrary, the cyclonic annual precipitation heights
show non-significant negative trends at the threshold of 5%. Winter and autumn show
positive non-significant trends for all surfaces, spring shows negative trends significant
only at the 500 hPa level and finally, summer shows negative trends significant for all
surfaces except the level of 1000 hPa.



Atmosphere 2024, 15, 1027 11 of 16

Table 6. Mean percentage (%) of annual and seasonal precipitation amount for all five of the studied
weather stations attributed to anticyclonic (antic) and cyclonic types (cyclo) of circulation in southern
Romania (1961–2020) for the geopotential levels of 500 hPa, 700 hPa, 850 hPa and 1000 hPa. Significant
positive (+) and negative (−) trends (at the threshold of 5% according to the Mann–Kendall test) are
marked with an asterisk (*).

Geopotential Level 500 hPa 700 hPa 850 hPa 1000 hPa

Time period Antic Cyclo Antic Cyclo Antic Cyclo Antic Cyclo
Winter 7.1+ 92.9+ 7.2+ 92.8+ 9.3+ 90.7+ 12.9+ 87.1+
Spring 16.2+ * 83.3− * 17.0+ * 83.0− 22.5+ * 77.5− 30.7+ * 69.3−

Summer 43.0+ * 57.0− * 43.8+ * 56.2− * 48.4+ * 51.6− * 55.8+ 44.2−
Autumn 19.3+ 80.7+ 20.7+ 79.3+ 27.4+ 72.6+ 33.9+ 66.1 +
Annual 24.1+ * 75.9− 24.8+ * 75.2− 29.6+* 70.4− 36.3+ 63.7

Table 7. Mean percentage (%) of annual and seasonal precipitation amount for all five of the studied
stations attributed to the five rainiest cyclonic types in southern Romania (1961–2020) for the four
examined geopotential levels. Significant positive (+) and negative (−) trends (at the threshold of 5%
according to the Mann–Kendall test) are marked with an asterisk (*).

Geopotential Level Time Period C Cwsw Cssw Cse Cne Cyclonic

500 hPa

Winter
+ + − − * + +

12.4 30.5 13.6 15.3 12.7 92.9

Spring + + + − − −
15.9 20.5 10.0 15.7 11.5 83.3

Summer
− − − * − * − * − *

20.8 14.2 6.8 8.0 5.1 57.0

Autumn
+ + − * − − +

26.2 26.4 11.1 5.9 6.1 80.7

Annual
+ + − − * − −

19.1 21.5 9.0 10.6 8.1 75.9

700 hPa

Winter
− + − − + +

13.7 26.8 16.2 19.2 11.0 92.8

Spring + + − − * + −
20.8 14.9 11.2 14.2 14.7 83.0

Sumer
− − − * − * − −

20.2 13.7 8.5 7.2 5.9 56.2

Autumn
+ + − − + +

23.2 19.4 16.1 6.6 9.4 79.3

Annual
+ + − − + −

19.4 17.7 11.6 10.6 9.9 75.2

850 hPa

Winter
− * + * − − + +
16.7 21.8 14.5 21.2 11.5 90.7

Spring − + + − * − −
19.9 10.7 10.5 13.3 17.2 77.5

Summer
− + − * − * − −

16.5 10.3 9.4 6.7 10.7 51.6

Autumn
− + + − + * +

14.9 12.0 17.0 13.5 13.1 72.6

Annual
− + * + − * + −

16.5 13.0 11.7 11.6 13.1 70.4

1000 hPa

Winter
− + ss − + +

19.1 14.4 12.6 23.3 13.6 87.1

Spring − + − − * + −
14.5 7.4 8.5 13.9 20.6 69.3

Summer
− * − − * − * + * −
10.6 4.7 6.9 5.9 16.8 44.2

Autumn
− + ss − + * +
9.7 6.4 11.8 20.4 17.2 66.1

Annual
− * + + − + * ss
12.9 7.6 8.8 14.0 17.3 63.7

Finally, seasonal and annual trends in the number of rain days for all surfaces, gen-
erally, do not differ much. Thus, significant positive trends in anticyclonic rainy days are
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observed almost everywhere, while negative trends in cyclonic rainy days are found, with
a few exceptions, particularly in autumn (not shown).

The evaluation of the results concerning the relationship between the cyclonic circula-
tion types on the four different geopotential levels with precipitation was based on the use
of Taylor diagrams. These mathematical diagrams are designed to show graphically which
of the many approximate representations (or models) of a system, process or phenomenon
is more realistic. Introduced by [44], they facilitate the comparative evaluation of different
models quantifying the degree of correspondence between modeled and observed behavior
in terms of the three statistical parameters: Pearson correlation coefficient, root-mean-
square error (RMSE) and standard deviation. Although Taylor diagrams have mainly been
used to assess climate models [45], they can also be used for other purposes unrelated to
environmental problems.

Several criteria for evaluation purposes for the five-station mean precipitation time
series of cyclonic circulation types were used for all geopotential levels (1000 hPa, 850 hPa,
700 hPa and 500 hPa). More specifically, standard deviations, root mean square errors and
correlation coefficients between the seasonal rainfall amounts of each cyclonic type and the
corresponding seasonal precipitation total were computed. The results are presented in
seasonal diagrams (Figure 4).
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cyclonic circulation types.

For winter, it is obvious that Cse presents the best simulation for 850 hPa and Cwsw
does so for 500 hPa, with high correlation coefficient values (0.78) and a low standard
deviation and RMSE. The same circulation types also have high simulation skill in the other
geopotential levels (1000 hPa, 700 hPa and 500 hPa for type Cse and 700 hPa and 1000 hPa
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for type Cwsw). It is worth mentioning that type C shows a relatively lower simulation,
particularly for the surfaces of 850 hPa and 500 hPa. The results for spring are completely
different. Type C showed the best simulation for 1000 hPa, 700 hPa 500 hPa and 850 hPa,
followed by the Cwsw type (500 hPa). Type Cne shows a relatively good simulation for
1000 hPa, 700 hPa and 850 hPa, particularly due to the high correlation coefficient. On the
contrary, the Cse for all surfaces shows a lower simulation compared to the other types.
For summer, three different types present the best simulation skills: Cwsw for 500 hPa, Cne
for 850 hPa and the Cssw for 1000 hPa and 850 hPa.

A relatively lower simulation skill is found for type C at 1000 hPa and 700 hPa and for
type Cwsw at 700 hPa. In general, summer shows the smallest correlation coefficients of
the rainfall associated with the cyclonic circulation types. Finally, type C presents the best
simulation picture in autumn for 500 hPa, followed by Cse for 850 hPa. Relatively lower
compared to the previous simulation is the skill of the type C for 700 hPa, as well as of the
Cwsw type for 500 hPa and of Cse for 1000 hPa. The Cne simulation ability does not seem
to have any advantages. Overall, the correlation coefficients of the circulation types with
precipitation for all surfaces have the smallest differences in comparison to the rest of the
seasons, ranging from 0.55 to 0.70.

4. Discussion and Conclusions

In this paper, a circulation type classification scheme was utilized in south Romania,
following the study of Tolika et al. [33], and a comparative approach between different
geopotential heights (1000 hPa, 850 hPa, 700 hPa and 500 hPa) in relation to precipita-
tion was carried out. The following conclusions are based on the analysis of the results
obtained above, while the discussion is mainly based on rational scientific assumptions
because the subject of this study has been poorly studied by the international scientific
community [42,43].

The annual frequency of the anticyclonic types is slightly higher than that of cyclonic
ones. However, on a seasonal scale—specifically during summer and autumn—the occur-
rence of the anticyclonic types is significantly more frequent across all geopotential levels.
Similar findings were observed in a comparable study conducted in Greece [42].

The significant positive anticyclonic trend and the significant negative trends of the
cyclonic types at all studied geopotential levels confirm the hypothesis that in the south of
the Balkan Peninsula and in the eastern Mediterranean, there is a progressive northward
shift in the cyclonic trajectories [46], reflected in the negative non-significant trends in
the number of rainy days in southern Romania and the significant negative trend in
precipitation in Greece [47] and also in Beirut [43].

The highest correlation coefficients between cyclonic and anticyclonic circulation types
occur between the closest geopotential surfaces, especially in winter and spring. These
findings agree with the results for Greece [42] and for Lebanon [43] and they confirm that
mid-latitude atmospheric circulation at all levels is better organized during the first two
seasons of the year, i.e., winter and spring.

Moreover, the negative significant trend in cyclonic precipitation in summer appears
to be responsible for the non-significant decrease in summer precipitation at the Bucharest,
Buzău and Constant,a stations [33], as the positive trend in anticyclonic precipitation cannot
even partially compensate the decrease in cyclonic rainfall. Even though these findings are
similar to the equivalent ones for Greece [42], they are significantly different than the ones
found for Lebanon [43]. The gradual decrease in frequency from 1000 hPa to 500 hPa of
specific cyclone types centered in southern Lebanon, in favor of cyclone types centered in
the northern part of the country, aligns with the hypothesis proposed by [46] according to
which the depressions originating from Cyprus exhibit significantly stronger baroclinic
fields compared to other depressions in the Mediterranean region. The higher rainfall
heights in Lebanon, in the lower (higher) surfaces of 1000 and 850 hPa (700 and 500 hPa),
are associated with the prevalence of the Cse (Cne) type [43].
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Finally, the use of Taylor diagrams to evaluate the results has shown that the relation-
ships between the circulation types and the rainfall varies depending on the geopotential
surface and the season. In general, the two rainiest circulation types Cwsw and C have
a better simulation on the two upper surfaces (500 hPa and 700 hPa), the first during all
four seasons and the second in winter, spring and autumn. Contrarily, the other two rainy
cyclonic types (Cse and Cne) show better simulation on the two lower surfaces (850 hPa
and 1000 hPa), the first in winter and autumn and the second in spring and autumn.

It should be underlined that the highest correlation coefficient between the circulation
type rainfall and the corresponding total seasonal rainfall occurs in winter (the Cse type
in 850 hPa and the Cwsw type in 500 hPa), while the lowest correlation coefficients for all
circulation types were found in summer. Moreover, these two seasons show, in winter, the
highest precipitation percentage of cyclonic types and, in summer, the lowest percentage
of the same types. The latter finding agrees with the results from previous studies [47,48]
indicating that winter rainfall is mainly associated with the atmospheric circulation, while
summer rainfall is the result of both the atmospheric circulation as well as geographical
factors. This study provides better insight into the understanding of the characteristics
of the atmospheric mechanisms driving the formation and variability of precipitation
in southern Romania. It also provides useful scientific information for the design or
improvement of the regional development strategies so that they include appropriate or
adaptation measures regarding the variability and changes in atmospheric circulation and
precipitation. In these strategies in the study region, special attention should be given to
the agricultural field to meet the water needs of crops in conditions of lower rainfall or
drought through the development of irrigation systems that are currently insufficient. In
future work, we aim to apply this methodology to simulated geopotential data from a
General Circulation Model (GCM) to study regional climatological consequences of the
future climate.
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