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Abstract: Heat waves and warm spells are extreme meteorological events that generate a significant
number of casualties in temperate regions, as well as outside of temperate regions. For the purpose
of this paper, heat waves and warm spells were identified based on daily maximum temperatures
recorded at 27 weather stations located in Romania over a 55-year period (1961–2015). The intensity
threshold was the 90th percentile, and the length of an event was of minimum three consecutive
days. We analyzed 111 heat wave and warm spell events totaling 423 days. The classification of
synoptic conditions was based on daily reanalysis at three geopotential levels and on the online
version of a backward trajectories model. The main findings are that there are two major types
of genetic conditions. These were identified as: (i) radiative heat waves and warm spells (type A)
generated by warming the air mass due to high amounts of radiation which was found dominant in
warm season; and (ii) advective heat waves and warm spells (type B) generated mainly by warm air
mass advection which prevails in winter and transition seasons. These major types consist of two
and three sub-types, respectively. The results could become a useful tool for weather forecasters in
order to better predict the occurrence of heat waves and warm spells.
Keywords: heat wave; warm spell; percentile threshold; synoptic conditions; Romania

1. Introduction
Extreme high temperatures and related events such as heat waves (HWs) and warm spells (WSs)
have been largely documented to show that they have increased in magnitude and frequency over
the last few decades in most regions of the planet [1–13]. Usually, when a relative threshold is used
to define extreme high temperature events over the year, HWs term is employed for summer, late
spring, and early winter events (May–September), while WS term is frequently used for winter, late
autumn, and early spring events (October–April). They have become a very important issue as they
imply a significant threat to life and property in times of accelerated population growth and climate
change [14].
It has been documented that they have direct consequences on society and the environment,
as well as indirect adverse consequences affecting different domains such as agriculture, water
resources, energy demand, regional economies and human health [15–18]. Studies on HWs and WSs
developed over the last three decades focused on their physical features or on different types of impact
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they have, especially on human health, thermal and air quality conditions [19–21], or heat-related
mortality and morbidity [22–26]. The August 2003 HW alone is considered as the worst natural disaster
in Europe of the last 50 years, with an estimated death toll exceeding 30,000 people [14,27], followed
by other similar events such as in July 2007 with great impact on Southeastern Europe and in July 2010
bringing a historical HW in Eastern Europe [28].
Reducing the impacts of future HWs requires addressing fundamental questions, such as whether
HWs can be predicted, detected and whether their impacts can be mitigated [6]. Under these
circumstances, investigations on the relationship between HWs and atmospheric circulation are
of great importance for any region, as weather forecasting should improve and become more efficient
in order to alert people and authorities. In addition, the adaptation to increased HWs and WSs
conditions could be a challenge for public authorities in the most prone regions to choose the most
appropriate measures.
A better understanding of the large scale connections is essential to improve the forecasts of
HWs and WSs. A growing number of studies have looked at the mechanisms that contribute to the
formation and prediction of such extreme warm events in many regions of the world [6,14,29–38].
Most of those studies revealed that HWs and WSs do not occur independently of circulation conditions,
but their occurrence is favored by certain flow configurations while unlikely under other ones.
The relationship between circulation and the occurrence of prolonged extreme events is thus an
important component of a climate system [1]. Certainly, the synoptic behavior of cyclones and
anticyclones is an important manifestation of how large scale circulation can interact with weather
extremes [14]. In recent decades, the frequency of blocking systems over Europe or different regions in
Europe has increasingly generated HWs [37–39], while the number of low pressure systems south of
55◦ N has decreased [40–42]. Some other papers have demonstrated that an increase in the stability of
the atmospheric circulation may partly explain the more frequent extreme air temperatures in Europe.
Kysely [43–45] found that, in summer, more stable circulation types contribute to the occurrence
of more intense and longer HWs. Moreover, the occurrence of thermal anomalies was found to be
connected with longer lasting high pressure blocking events in summer and spring [39,42,46]. Extremes
on both ends of the temperature distribution are closely connected to atmospheric blocking. Surface
temperatures can be impacted by atmospheric blocking via radiative forcing or advection [39].
Information on HWs and WSs for Romanian territory is available in some studies developed at
global or regional scale, based on gridded or observation data. Few recent studies analyzing indices of
extreme temperatures at global, regional or national scale, including those related to HWs and WSs,
revealed significant increasing trends over the period 1951–2010 in Romania [13,36,47,48]. Some other
studies focused on smaller areas such as Southern Romania or the Bârlad Plateau [49–52].
This paper will document the large-scale conditions associated with HWs and WSs occurrence in
Romania as well as the analysis of anomalies associated with HWs and WSs in Romania. We presented
a brief synoptic climatology of HWs and WSs identified for each circulation pattern. Such a multi-angle
investigation of HWs and WSs has not been done so far in Romania. This subject is especially relevant
for short and mid-term weather forecasting [36].
2. Experiments
2.1. Data Used
For this paper, HWs and WSs identification is based on daily maximum temperature (TX) data
sets recorded in 27 weather stations across Romania over a 55-year period (1961–2015) (Figure 1).
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Figure 1. Location of weather stations used for this study.

Figure 1. Location of weather stations used for this study.

The 55-year period (1961–2015) was chosen to avoid as much as possible inhomogeneities and
gaps
in the daily
data
that couldwas
be introduced
by some
non-climatic
factors,
such as changes
in gaps
The 55-year
period
(1961–2015)
chosen to avoid
as much
as possible
inhomogeneities
and
observational
practices
and
timetables
[53].
The
recommendation
of
the
World
Meteorological
in the daily data that could be introduced by some non-climatic factors, such as changes in observational
Organization
[54] is to[53].
maintain
those stations that
have
no more
than 5% missing
data. Finally,[54]
all is to
practices
and timetables
The only
recommendation
of the
World
Meteorological
Organization
the stations used for this study had no more than 0.5% missing daily data (Table 1).

maintain only those stations that have no more than 5% missing data. Finally, all the stations used for
this study had no more
than
0.5% missing
daily data
(Table
1).stations considered.
Table
1. Geographical
coordinates
of the
weather
No.

Station
Name
*
Latitude
(N)
Longitude
(E) Altitude
(m)considered.
Missing Daily Data (%)
Table
1. Geographical
coordinates
of the weather
stations
Western Romania
1.
Oradea
47°02′10″
21°53′51”
136
0.0
No.
Station Name *
Latitude (N)
Longitude (E)
Altitude (m)
Missing Daily Data (%)
2.
Arad
46°08′15″
21°21′13″
117
0.0
Romania
3.
Timisoara
45°46′17″ Western21°15′35″
86
0.0
Oradea
47◦ 020 10”
21◦ 530 51”
136
0.0
4. 1.
Caransebes
45°25′01″
22°13′30″
241
0.0
◦ 210 13”
2.
Arad
46◦ 080 15”Eastern 21
117
0.0
Romania
3.
Timisoara
45◦ 460 17”
21◦ 150 35”
86
0.0
5. 4.
Botosani
47°44′08″
26°38′40″
161
0.0
Caransebes
45◦ 250 01”
22◦ 130 30”
241
0.0
6.
Bacau
46°31′54″
26°54′45″
184
0.0
Eastern Romania
7.
Iasi
47°10′15″
27°37′42″
102
0.0
Botosani
47◦ 440 08”
26◦ 380 40”
161
0.0
8. 5.
Galati
45°28′23″
28°01′56″
71
0.0
6.
Bacau
46◦ 310 54”
26◦ 540 45”
184
0.0
Southern Romania
◦
0
◦
0
7.
Iasi
47 10 15”
27 37 42”
102
0.0
9. 8.
Buzau
45°07′57″
26°51′05″
97
0.0
Galati
45◦ 280 23”
28◦ 010 56”
71
0.0
10.
Ramnicu Valcea
45°05′19″
24°22′45″
239
0.5
Southern Romania
11.
Drobeta-Turnu Severin
44°37′43″
22°37′33″
77
0.3
45◦ 070 57”
26◦ 510 05”
97
0.0
12. 9.
BucurestiBuzau
Baneasa
44°31′00″
26°05′00″
90
0.0
10.
Ramnicu Valcea
45◦ 050 19”
24◦ 220 45”
239
0.5
13.
Craiova
44°18′36″
23°52′00″
192
0.0
◦
0
◦
0
11.
Drobeta-Turnu Severin
44 37 43”
22 37 33”
77
0.3
14.12.
CalarasiBaneasa
44°12′22″
27°20′18″
19
0.0
Bucuresti
44◦ 310 00”
26◦ 050 00”
90
0.0
15.13.
RosioriCraiova
de Vede
44°06′26″
24°58′42″
102
0.0
44◦ 180 36”
23◦ 520 00”
192
0.0
◦ 200 18”
Romania
14.
Calarasi
44◦ 120 22”Central 27
19
0.0
Rosiori
44◦ 060 26”
24◦ 580 42”
102
0.0
16.15.
Bistritade Vede
47°08′56″
24°30′49″
367
0.0
17.
Cluj-Napoca
46°46′39″ Central23°34′17″
410
0.0
Romania
18.16.
TarguBistrita
Mures
46°32′01″
24°32′07″
317
0.0
◦
0
◦
0
47 08 56”
24 30 49”
367
0.0
19.17.
Deva
45°51′52″
22°53′55″
230
0.0
Cluj-Napoca
46◦ 460 39”
23◦ 340 17”
410
0.0
Targu
46◦ 320 01”
24◦ 320 07”
317
0.0
20.18.
SibiuMures
45°47′21″
24°05′28″
444
0.0
19.
20.
21.

Deva
Sibiu
Brasov

45◦ 510 52”
45◦ 470 21”
45◦ 410 46”

22◦ 530 55”
24◦ 050 28”
25◦ 310 40”

230
444
535

0.0
0.0
0.0
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Table 1. Cont.
No.

Station Name *

Latitude (N)

Longitude (E)

Altitude (m)

Missing Daily Data (%)

4
3
13

0.1
0.2
0.0

224
661
2504

0.0
0.0
0.0

Southwestern Romania
22.
23.
24.

Tulcea
Sulina
Constanta

45◦ 110 26”
45◦ 020 26”
44◦ 120 49”

Baia Mare
Miercurea Ciuc
Varful Omu

47◦ 390 40”

28◦ 490 26”
23◦ 160 35”
28◦ 380 41”

Carpathians region
25.
26.
27.

46◦ 220 16”
45◦ 260 45”

23◦ 290 36”
25◦ 460 21”
25◦ 270 24”

* Weather stations are ordered from North to South for each region.

Most data were freely downloaded from European Climate Assessment and Database project
database (non-blend data) [55] and reconstructed from raw synoptic messages available on
www.meteomanz.com. For four weather stations (Oradea, Timisoara, Targu Mures, and Brasov),
the data sets were provided by the Romanian National Meteorological Administration (RNMA) [13].
For Romania, the temperature analysis for different types of HWs and WSs was performed based on
gridded data of daily maximum temperature extracted from ROmanian ClimAtic DAtaset ROCADA
datasets [56]. ROCADA is a new gridded dataset, containing national daily maximum and minimum
temperatures covering 1961–2013 across Romania, and it was developed by the RNMA. It has a spatial
resolution of 10 km and was based on 150 weather station measurements. Datasets are available on
the World Data Center PANGAEA portal. We have used the ROCADA data base for mapping the
composite mean of maximum temperature anomalies due to its better spatial resolution and accuracy
compared to other gridded databases, such as E-OBS.
Synoptic analysis is based on maps for sea level pressure, air masses and fronts from the
Daily Weather Bulletin of the RNMA for the interval 1961–2002 and from the Deutsche Wetterdienst
for 2003–2015.
Meteorological input data for the trajectory simulations, the reanalysis datasets, freely provided
by National Centers for Environmental Prediction (NCEP) and the National Center for Atmospheric
Research (NCAR) Reanalysis were used. HYbrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) application uses archived three-dimensional meteorological fields generated from
observations and short-term forecasts [57]. In addition, for the description of weather conditions
at continental level during HWs and WSs affecting Romania, composite maps were derived using
the mean daily composites tool from Earth System Research Laboratory of National Oceanic and
Atmospheric Administration (NOAA) [58].
2.2. Methods
2.2.1. HWs and WSs Analysis
There are no universal methods or criteria that can be used to classify extreme events globally
or locally [59], including HWs. It is expected that more appropriate HWs definitions may emerge in
the future [8]. At the same time as stated by [60], attention needs no longer to be restricted to a rigid
definition of HWs, about which there is not necessarily any consensus. Most HWs definitions use
two types of thresholds to identify events: thresholds for intensity (temperature) and thresholds for
duration (days). For intensity, fixed or relative thresholds are usually employed [61].
HWs are defined as: (1) several-day periods with maximum or mean daily temperature above a
specific threshold value [62–64]; (2) periods with apparent temperature (AT) above the 95th percentile
which starts with a minimum 2.0 ◦ C increase in relation to the preceding day [65]; and (3) periods
longer than five consecutive days with TX exceeding at least 5 ◦ C above the 1961–1990 daily TX
norm [36,37,66]. In addition, there is no exact definition of HWs in terms of type of datasets used.
Thus, many definitions could apply to HWs that quantify the duration and/or intensity of either
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nighttime minimum or daytime maximum temperatures as well as both of them or mean daily
temperature [1,3,35,37,38,67,68]. Most papers referring to HWs use the aforementioned definitions,
but some of them consider data sets only for a few months of the year (usually June–August or
April–September). The intensity threshold can be defined as a fixed value (e.g., 30 ◦ C or 35 ◦ C) or a
relative one (daily average, 90th or 95th percentile).
Since it is unusual to talk about heat events related to winter or late autumn/early spring, for
this study we decided that it is more appropriate to use “heat waves” for the warm half of the year
(April–September) and “warm spell” for the cold half of the year (October–March).
In this paper, the identification of HWs and WSs is based on the 90th percentile of daily maximum
temperature as the intensity threshold, while the minimum length is of three consecutive days for
each individual event. This is one of the most commonly used methods to identify HWs and WSs [69].
The daily percentile is calculated for each day of the year and then the TX of each day in the dataset is
compared to the percentile value of the corresponding calendar day. The percentile was calculated for
the baseline period 1981–2010 because according to WMO recommendations, for practical purposes,
as weather forecasts, the baseline period should be the latest available: using a more recent period
results in a slight improvement in predictive accuracy for elements that show a secular trend (that is,
where the time series shows a consistent rise or fall in its values when measured over a long term)
and would be viewed by many users as more “current” than 1961–1990 [54] and we consider that this
would be more appropriate for the purpose of the study.
A similar reference period is already in use in climate forecast or in other recent climatic
studies [28,36,70], mainly due to its higher relevance for the actual conditions of the climate. In addition,
taking into account that our study aims to be used in weather forecast applied to climate conditions
most people are familiar with—and not just to understand climate variability—it is recommended to
use the last three decades as a reference period [71].
Later, when analyzing the synoptic conditions, we had to introduce a threshold for spatial
coverage of the HWs and WSs. Thus, we considered only those HWs/WSs that were registered
almost simultaneously over the greater part of Romania. When a HW/WS event of a minimum
three consecutive days was identified in each weather station considered, but only two days are
common for at least 75% of the weather station, we selected it as a HW/WS valid for this analysis.
This approach was adopted due to the delay generated by air mass propagation: if in the South or
in the East of the country a HWs/WSs strikes in day i and lasts until day i+2, in the opposite side
of the country (North or West) it can begin on day i+1 and end in day i+3. Thus, in each area, the
HW/WS lasts three days, but due to the delay introduced by air mass propagation, the common period
with HW/WS conditions for the whole country is only two days (day i+1 and i+2). More specifically,
we considered at least two out of three minimum consecutive days when the intensity threshold was
simultaneously exceeded.
Under these conditions, we identified and analyzed 111 HW/WS events that hit simultaneously
throughout Romania, cumulating 423 days.
In this paper, we focused our statistical analysis mainly on the number of days and not on the
events number because in some multi-event seasons it is quite difficult to distinguish the separation
between events. Some sources consider that a 20-day separation period is needed to consider a new
HW or WS event [35]. Otherwise, it can be considered that later events can be caused by persistent
overlying atmospheric conditions (i.e., event recurrence). This situation can generates bias in the
overall count of HWs, while the total number of days would not be affected.
2.2.2. Synoptic Analysis
The synoptic classification of HW events was performed based on the analysis of daily issued
synoptic maps at three geopotential levels: 300 hPa for jet stream trajectory, sea level pressure
and 850 hPa for temperature advection, on the basis of the Earth System Research Laboratory
composite maps tool from NOAA. In this section, the relationship between the HWs/WSs and
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the circulation conditions are analyzed using objective parameters of large-scale circulation patterns.
Similar classifications were previously used by Unkašević and Tošić, [37,38].
In the first step, we considered the sea level pressure distribution in order to differentiate the main
HW/WS types. Weak baric gradient over Romania is considered characteristic for A-type, considered
as radiative–advective, while strong baric gradient was found specific for B-type, considered as
advective–radiative. The threshold between weak and strong baric gradient is considered 4 hPa across
Romania (approximately 0.5 hPa per 111 km).
In the second step, the origin of air masses generating HWs/WSs detected based on HYSPLIT
trajectories was the criterion used to differentiate between sub-types of HWs, as used in other previous
studies [36,72]. For A-type, anticyclonic curvature of trajectories was associated to A1-subtype
(Figure 2a), while cyclonic curvature of trajectories was associated to A2-subtype (Figure 3a). The three
sub-types of B-type HWs/WSs were identified based on the analysis of the spatial origins of the air
masses: B1 was assumed to have North and Northeast African origins (Figure 4a), B2 was associated
with Northwest Africa/Southwest Europe and subtropical North Atlantic origins (Figure 5a), while B3
was assumed to be with central North Atlantic origins (Figure 6a). Mean trajectories were computed
based on all cases for each HW/WS sub-type (Figures 2a, 3a, 4a, 5a and 6a).
To identify the source regions of the air masses generating HWs/WSs, the atmospheric backward
trajectories of the air particles have been simulated by employing the online version of HYSPLIT model
Real-time Environmental Application and Display sYstem (READY), developed by researchers at the
National Oceanic and Atmospheric Administration (NOAA) [57,58,73].
For this paper, we used backward trajectories detected at three levels, from near-ground
level (0 m above ground level (AGL)) up to mid-troposphere (1500 and 5000 m AGL, respectively).
By employing the vertical velocity option included in the HYSPLIT application, the vertical transport
has been modeled for each 6-h intervals. The aforementioned levels were chosen to allow identification
of possible different source-regions of air masses and the existence of different air masses in low and
middle troposphere, respectively, over the considered region similarly to other studies. The trajectories
of air particles were identified for the previous 120 hours of the first day of the HW/WS event.
The backward trajectory was computed for the central area of Romania represented by the point
located at 46◦ 000 00” N and 25◦ 000 00” E to identify the geographical area of air mass origins.
To fully describe each synoptic subtype, NCEP/NCAR reanalysis tool was used. The composite
maps for SLP anomaly, 850 hPa temperature anomaly, and 300 hPa vector wind anomaly were obtained
based on daily maps of the afore-mentioned variables for each HW subtype. Thus, we have a synthetic
situation of synoptic conditions prior and during a HW event (analyzed based on five-day HYSPLIT
backward trajectory and composite maps).
This analysis proved to be very useful for providing information needed to explain and classify
conditions for HWs and WSs occurrence that could be of interest for the implementation of an early
warning system.
3. Results and Discussion
3.1. Synoptic Classification of HWs/WSs in Romania
The synoptic conditions for HWs/WSs occurrence in Romania resulting from our analysis, can be
divided into two major types:
(i) Radiative–advective HWs/WSs, for which radiative forcing plays the leading role in the
occurrence of high temperature. For this type, solar heating, static stability, and the dryness of the air
mass also play fundamental roles [14]. We shall refer to this HWs/WSs type as radiative HWs/WSs
type to avoid any confusion.
(ii) Advective–radiative HWs/WSs for which the advection of a warm air mass plays the leading
role for the occurrence of very high temperature. From now on, in this paper, we shall refer to this
HWs/WSs type as advective HWs/WSs.
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It is worth noting that no HWs/WSs occurred exclusively due to radiative or advective conditions.
Both warm air mass advection and radiative forcing led to the occurrence of HWs/WSs. A second
general synoptic characteristic of HWs/WSs is given by the fact that advection seems to be dominant
in the process
Atmosphere
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Figure 2. (a) Mean five-day backward trajectories of air particles before the first day of A1 HW/WS
Figure 2. (a) Mean five-day backward trajectories of air particles before the first day of A1 HW/WS
type; (b) composite sea level pressure anomaly; (c) composite air temperature anomaly at 850 hPa;
type; (b) composite sea level pressure anomaly; (c) composite air temperature anomaly at 850 hPa;
and (d) composite of jet stream mean position anomaly at 300 hPa for A1 HW/WS type.
and (d) composite of jet stream mean position anomaly at 300 hPa for A1 HW/WS type.
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are well-known as an important factor for HWs/WSs occurrence in Europe [39]. This is the main
dynamic cause for recording breaking HWs in Europe [74]. In addition, due to low advection, longlasting high temperatures may support the development of high ridges in the mid-troposphere,
which it is known as an important mechanism for this HW type action [1].
(iii) Warm high ridge associated to a positive air temperature anomaly at 850 hPa level (Figure 2b,c)
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Blocking conditions usually prevent cold fronts from bringing relief to the hot weather [14] and are
well-known as an important factor for HWs/WSs occurrence in Europe [39]. This is the main dynamic
cause for recording breaking HWs in Europe [74]. In addition, due to low advection, long-lasting high
temperatures may support the development of high ridges in the mid-troposphere, which it is known
as an important mechanism for this HW type action [1].
(iii) Warm high ridge associated to a positive air temperature anomaly at 850 hPa level (Figure 2b,c)
becoming quasi-stationary in upper levels over Southeastern Europe with a negligible baric gradient
at ground level over Romania.
(iv) The mean anomaly of wind vectors at 300 hPa during A1HW sub-type indicates high
development of Rossby waves with a cut-off high structure centered over Romania; Central and
Eastern Europe are located in the pole ward displacement of the jet stream that crosses with its axis
over the Baltic Sea (Figure 2d); it is well-known that the persistence of HWs is determined by the
presence of the long lasting upper tropospheric anticyclonic circulation [75]. Recently, Feudale [76]
found that these conditions are probably enhanced by the positive anomaly of sea surface temperature
of the Mediterranean Sea.
A similar synoptic pattern was identified as the main cause generating HWs over Central
Europe [42] and the weak advection from Northeast under anticyclonic conditions is a common
feature of the HWs in Southeast Europe [36].
From all 423 days cumulated by HWs/WSs in Romania identified during the period 1961–2015,
32.2% (136) of the days were characterized by this atmospheric circulation condition. The mean length
of this HWs/WSs type is 3.7 days, while the maximum length was eight days (7–14 May 2003).
Subtype A2 is characterized by the following conditions:
(i) Cyclonic curvature of backward trajectories with a very slow advection generated by a weak
gradient in the lower troposphere is associated with a stronger one in the upper level which has its
origins in Southwestern Europe or Northwestern Africa (Figure 3a). This situation is also specific
for Central-European HWs/WSs occurrence [42]. It generates important radiative warming, which
represents, similar to A1 sub-type, an important contributor to the occurrence and persistence of high
temperatures [1].
(ii) Weak negative pressure anomalies create conditions at sea level which prevail almost entirely
over Europe, associated with a very weak baric gradient over the European continent; actually, this
very weak gradient represents the main difference between this HWs/WSs sub-type and B2 HWs/WSs
sub-type. In most cases, a center of low pressure can be identified over Great Britain, emphasized by
the negative anomaly of 5 hPa on the map of sea level pressure, as well as at 850 hPa level (Figure 3b,c).
A low pressure system, which is active over Great Britain and Northwest Europe was found to be the
main center associated with HWs/WSs in Central Europe [42]. In addition, an important role seems
to be played by a high pressure area, which is located over the Black Sea and Anatolia, leading to a
weak southerly advection in the lower troposphere over Romania; this center is sustained by a weak
convergence region on the upper level charts as depicted by the vector wind at 300 hPa (Figure 3d).
(iii) A strong ridge bringing very warm air masses in the upper level over Southeastern Europe
in connection with a well-developed upper level trough over Western Europe is observed. These are
separated by a strong jet stream, generally oriented from Southwestern toward Northeastern Europe.
From all 423 HWs/WSs days in Romania recorded over the period 1961–2015, 30.0% (127 days)
were associated with this atmospheric circulation pattern. The mean length of HWs/WSs
generated by this circulation type is 4.5 days, while the longest event reached 11 consecutive days
(from 24 April to 4 May 2013).
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Figure 3. (a) Mean five-day backward trajectories of air particles before the first day of A2 HW/WS
Figure 3. (a) Mean five-day backward trajectories of air particles before the first day of A2 HW/WS
type; (b) composite sea level pressure anomaly; (c) composite air temperature anomaly at 850 hPa;
type;
(b) composite sea level pressure anomaly; (c) composite air temperature anomaly at 850 hPa; and
and (d) composite jet stream mean position anomaly at 300 hPa for A2 HW/WS type.
(d) composite jet stream mean position anomaly at 300 hPa for A2 HW/WS type.

Both sub-types of radiative HWs/WSs are associated with very warm ridges which are imposing
a soil
moisture
deficit
prior to the
onset of are
the associated
beginning of
thevery
HW/WS
event
[77],which
whichare
is imposing
known
Both
sub-types
of radiative
HWs/WSs
with
warm
ridges
as
a
main
contributor
to
the
increase
in
TX
during
HWs
[78].
a soil moisture deficit prior to the onset of the beginning of the HW/WS event [77], which is known as

a main contributor to the increase in TX during HWs [78].
3.1.2. Synoptic Conditions Generating Advective HWs/WSs
3.1.2. Synoptic
Conditions
Generating
HWs/WSs
The advective
HWs/WSs
can beAdvective
also divided
into three major sub-types according to the
geographical
origin
of
warm
air
mass
advection:
South
(B1),three
Southwest
and West
(B3).
The advective HWs/WSs can be also divided into
major(B2),
sub-types
according
to the
Subtype
B1
is
characterized
by
the
following
conditions:
geographical origin of warm air mass advection: South (B1), Southwest (B2), and West (B3).
(i) The B1
backward
trajectories
North African
origins for the air particles in the previous
Subtype
is characterized
byindicate
the following
conditions:
five
days,
generally
from
the
Libyan
Desert
at
ground
level, and
fromairNorthwestern
Africa
at
(i) The backward trajectories indicate North African origins
for the
particles in the
previous
1500 m and 5000 m (Figure 4a–c);
five days, generally from the Libyan Desert at ground level, and from Northwestern Africa at 1500 m
(ii) A steep baric gradient covers the region of Romania, which is situated on the front
and 5000 m (Figure 4a–c);
Southeasterly side of low pressure systems centered over Central and Western Europe. At the same
(ii) A steep baric gradient covers the region of Romania, which is situated on the front
time, a high pressure field covers Southeastern Europe; these pressure patterns favor advection from
Southeasterly side of low pressure systems centered over Central and Western Europe. At the same
South in the lower troposphere;
time, a high pressure field covers Southeastern Europe; these pressure patterns favor advection from
(iii) The jet stream splits over Europe into two branches that follow different trajectories: one
South
the the
lower
troposphere;
goesinover
subtropical
regions and the other one over the Baltic Sea; in the region between these
(iii)
The jet stream
splitstemperature
over Europeanomaly
into twoisbranches
that follow
different trajectories:
one goes
two
branches,
a positive
characteristic
over Southeast
Europe including
over
the
subtropical
regions
and
the
other
one
over
the
Baltic
Sea;
in
the
region
between
these
two
Romania (Figure 4d).
branches, a positive temperature anomaly is characteristic over Southeast Europe including Romania
(Figure 4d).
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Figure 4. (a) Mean five-day backward trajectories of air particles before the first day of B1 HW/WS
Figure 4. (a) Mean five-day backward trajectories of air particles before the first day of B1 HW/WS
type; (b) composite sea level pressure anomaly; (c) composite air temperature anomaly at 850 hPa;
type; (b) composite sea level pressure anomaly; (c) composite air temperature anomaly at 850 hPa; and
and (d) composite jet stream mean position anomaly at 300 hPa for B1 HW/WS type.
(d) composite jet stream mean position anomaly at 300 hPa for B1 HW/WS type.

From the total number of HWs/WSs days detected in Romania for the 55-year period considered,
From
the total number
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detected inconditions.
Romania for
thetype
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7.8% are associated
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This
of events
a mean
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are
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circulation
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events
has
a mean
duration of 3.8 days, while the maximum length was eight days (9–16 November 2010).
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while the maximum
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eight days (9–16 November 2010).
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in the
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origin
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the lowerfive
and
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(Figure
5a–c).
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origin
for
the
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and
middle
troposphere
(Figure
5a–c).
(ii) A strong pressure gradient covers the region of Romania, which is located between some
(ii) low
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pressure
gradient
covers
region of Romania,
is located
between
intense
pressure
systems,
acting
over the
Northwestern
Europe, which
and a high
pressure
fieldsome
over
intense
low
pressure
systems,
acting
over
Northwestern
Europe,
and
a
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pressure
field
over
Southeastern Europe. This synoptic pattern is also common for the HWs/WSs occurrence in Central
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Europe.
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pattern
is also
commonin
for
the
HWs/WSs
occurrence
Central
Europe [42,79],
and generates
a strong
Southwest
advection
the
lower
troposphere.
This isinthe
main
Europe
[42,79],
and generates
a strong Southwest
the lower very
troposphere.
difference
compared
to A2 HWs/WSs
type, whichadvection
could be in
considered
similar. This is the main
difference
compared
to A2has
HWs/WSs
which
could be considered
very
similar. subtype (from
(iii) The
jet stream
the sametype,
spatial
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as for A2
HWs/WSs
(iii)
The
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has
the
same
spatial
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Northwestern Africa toward Northeastern Europe) (Figure 5d), except for a higher
speed,subtype
which
(from
Northwestern
Africaadvection
toward Northeastern
Europe) (Figure 5d), except for a higher speed,
determines
a more intense
in the lower troposphere.
which determines a more intense advection in the lower troposphere.
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Figure 5. (a) Mean five-day backward trajectories of air particles before the first day of B2 HW/WS
Figure 5. (a) Mean five-day backward trajectories of air particles before the first day of B2 HW/WS
type; (b) composite sea level pressure anomaly; (c) composite air temperature anomaly at 850 hPa;
type; (b) composite sea level pressure anomaly; (c) composite air temperature anomaly at 850 hPa;
and (d) composite jet stream mean position anomaly at 300 hPa for B2 HW/WS type.
and (d) composite jet stream mean position anomaly at 300 hPa for B2 HW/WS type.

This sub-type of synoptic conditions is responsible for 19.1% of the HWs/WSs days. The mean
This
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19.1% of the
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days.
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length
of sub-type
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3.8 days,is while
their for
maximum
length
does not
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not
exceed
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North African high pressure advection processes were also found responsible for the most
North
African
high pressure
intense
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occurrence
in Serbiaadvection
[37,38]. processes were also found responsible for the most intense
HWsSub-type
occurrence
in
Serbia
[37,38].
B3 is characterized by the following conditions:
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the following
(i) The backward
trajectories by
indicate
Atlantic conditions:
or even North American origin of the air particles
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associated
with
a
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a
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flow
of
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stream
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the
temperate zone (Figure 6a).
temperate
zone
(Figure 6a).
(ii) The
subtropical
warm ridge transition from Western toward Eastern Europe rather than a
(ii)
The
subtropical
warm ridge
transition
from Western
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than a
warm Atlantic air mass advection
inside
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(Figure toward
6b) leads
to the Europe
positiverather
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warm
Atlantic
air
mass
advection
inside
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continent
(Figure
6b)
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the
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anomaly that covers the Mediterranean basin and Southern Romania (Figure 6c).
anomaly
thatWesterly
covers the
Mediterranean
basin and
Romania
(Figure
(iii) The
flow
conditions prevail
overSouthern
the entire
continent,
with6c).
high pressure systems
(iii)
The
Westerly
flow
conditions
prevail
over
the
entire
continent,
with Europe
high pressure
systems
covering Southern Europe and mobile Icelandic cyclones crossing North
from West
to
covering
Southern
Europe and mobile Icelandic cyclones crossing North Europe from West to East
East
(Figure
6d).
(Figure 6d).
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Figure 6. (a) Mean five-day backward trajectories of air particles before the first day of B3 HW/WS

Figure 6. (a) Mean five-day backward trajectories of air particles before the first day of B3 HW/WS
type; (b) composite sea level pressure anomaly; (c) composite air temperature anomaly at 850 hPa;
type; and
(b) composite
seajetlevel
pressure
anomaly;
(c) composite
airfor
temperature
anomaly at 850 hPa; and
(d) composite
stream
mean position
anomaly
at 300 hPa
B3 HW/WS type.
(d) composite jet stream mean position anomaly at 300 hPa for B3 HW/WS type.

This sub-type of synoptic pattern is characteristic for 10.9% of days under HWs/WSs conditions.
The
mean
length
these HWs/WSs
days, with a maximum
notunder
exceeding
six consecutive
This sub-type
ofofsynoptic
patternisis3.5
characteristic
for 10.9%length
of days
HWs/WSs
conditions.
days
(1–6
December
1961).
The mean length of these HWs/WSs is 3.5 days, with a maximum length not exceeding six consecutive

days (1–6 December 1961).

3.2. Frequency of HWs/WSs by Synoptic Conditions Types

3.2. Frequency
of HWs/WSs
by Synoptic
ConditionsinTypes
According
to scientific
studies conducted
Europe or at global scale over the last two decades
[6,37,38,42,69,80], the increasing frequency and intensity of HWs/WSs seem to be connected to the

According to scientific studies conducted in Europe or at global scale over the last two
general trend observed in the temperature series along the second half of last century [81]. Tomczyk
decades
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series
along
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of
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the highest level in Europe. This is confirmed also by our analysis, which indicates that 40%
of the [81].
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[36] revealed
that in
Europe,
of HWs/WSs
recent
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days recorded
in Southeast
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thethe
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55 years are
concentratedfrequency
in the last in
15 the
years
(Figure
Inhighest
this line,level
we can
talk about
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in by
theour
region
rather which
than ofindicates
a simple that
decades
is at7).
the
in Europe.
This
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also
analysis,
linear
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The
HWs/WSs
a characteristic
of the
variability allin
over
40% of
the warming
HWs/WSs
days
recorded
inrepresent
Romania,
during the last
55 temperature
years are concentrated
the last
the (Figure
year [69,82],
their
higher
warm period.
This fact
is caused
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7). Inbut
this
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we can talkisabout
anduring
abruptthe
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in the region
rather
than of a
especially
by the higher
variability
of the temperature
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year. A third variability
of the
simple
linear warming
trend.
The HWs/WSs
representduring
a characteristic
total number of days identified over the period 1961–2015, were concentrated in the summer, while
all over the year [69,82], but their concentration is higher during the warm period. This fact is caused
the winter gathers only 16% of the days.
especially by the higher variability of the temperature during this period of the year. A third of the
Generally, the first type of HWs/WSs (radiative) is more frequent during the warm season, while
total the
number
days
identified
over
period
1961–2015,
were
concentrated
inand
theautumn,
summer,
secondofone
is more
common
for the
the cold
season
(advective)
(Figure
8). In spring
thewhile
the winter
gathers
only
16%
of
the
days.
HW/WS events develop both under advective (as also stated by Brunner et al. [39] for central Europe)
Generally,
theconditions.
first type of HWs/WSs (radiative) is more frequent during the warm season, while
and radiative
the second one is more common for the cold season (advective) (Figure 8). In spring and autumn, the
HW/WS events develop both under advective (as also stated by Brunner et al. [39] for central Europe)
and radiative conditions.
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For A1 HWs/WSs type, the lowest positive anomaly occurs on the shoreline of the Black Sea,
with less than 4 °C (Figure 9a) as a result of the large water body influence, especially in June
(Figure 9b). The lowest TX is specific to the mountain area, with daily average values below 20 °C,
recorded on the highest peaks of the Carpathians and 20–25 °C in the mid-height mountains. This
fact sustains
Atmosphere
2017, 8,the
50 contribution of the radiative processes for high temperature occurrences because
14of
of 22
the intense loss of solar radiation in the mountain area seems to be responsible for weaker anomalies
recorded in those areas. A1 HWs/WSs type was characterized by temperatures which generally
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in the
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of the
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The circulation pattern of A2 HWs/WSs type generates a more uniform spatial distribution of
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TX anomalies over the entire country (Figure 10), which usually do not exceed 10 °C. This situation
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loss of solar radiation in the mountain area seems to be responsible for weaker anomalies recorded
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Figure 9. Mean maximum temperature anomaly in Romania in summer (a); and mean maximum
Figure 9. Mean maximum temperature anomaly in Romania in summer (a); and mean maximum
temperature in: June (b); July (c); and August (d) for A1 HW type based on ROmanian ClimAtic
temperature in: June (b); July (c); and August (d) for A1 HW type based on ROmanian ClimAtic
DAtaset (ROCADA) gridded database.
DAtaset (ROCADA) gridded database.

The circulation pattern of A2 HWs/WSs type generates a more uniform spatial distribution of
TX anomalies over the entire country (Figure 10), which usually do not exceed 10 ◦ C. This situation is
caused mainly by the intense warm ridge, which prevails in the lower and middle troposphere causing
an intense warm advection both at low and high altitudes.
These synoptic conditions lead to temperatures that exceed 40 ◦ C, values which are close to the
absolute maximum temperature recorded in the country (44.5 ◦ C). It is very important to highlight
the abrupt increasing frequency of this heat events in the last decade, which must be considered as a
signal for the higher frequency of the occurrence of long lasting hot days during summer, in the region.
The mean maximum daily temperatures for this HWs sub-type are higher than for A1 HW sub-type
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due to the higher temperature at altitude. At ground level, values greater than 35 ◦ C were encountered
in Atmosphere
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Figure 10. Mean maximum temperature anomaly in Romania in summer (a); and mean maximum
Figure 10. Mean maximum temperature anomaly in Romania in summer (a); and mean maximum
temperature in: June (b); July (c); and August (d) for A2 HW type based on ROCADA gridded database.
temperature in: June (b); July (c); and August (d) for A2 HW type based on ROCADA gridded database.
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3.3.2. The Advective HWs/WSs Characteristics
3.3.2. The Advective HWs/WSs Characteristics
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they become very dangerous when they occur in transitional seasons, especially when they cause an
Under these circumstances, the temperatures seem to be comfortable for the human body, but
early germination of the plants in March–April, making them extremely vulnerable to the late frost
they become very dangerous when they occur in transitional seasons, especially when they cause an
that can occur until late April or even May.
early germination of the plants in March–April, making them extremely vulnerable to the late frost
The axes of the warm ridges, which characterize these HWs types, pass over the southern and
that can occur until late April or even May.
eastern parts of Romania; the anomaly in the northwestern part of the country is lower because of
The axes of the warm ridges, which characterize these HWs types, pass over the southern and
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In the case of B1 HWs sub-type with closer origins to the tropical air masses (Libyan or Algerian
theSahara),
country.
the positive anomaly exceeds 13 °C in the lowlands in the South and Northeast of Romania.
Under these circumstances, maximum temperatures up to 30 °C can occur in April or October (Figure
11c), while, in May or September, values higher than 30 °C are quite frequent. For B2 HW sub-type,
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Figure 11. Mean maximum temperature anomaly in Romania in spring and autumn (a); and mean
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Figure 12. Mean maximum temperature anomaly in Romania in spring and autumn (a); and mean
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In the case of B1 HWs sub-type with closer origins to the tropical air masses (Libyan or Algerian
Sahara), the positive anomaly exceeds 13 ◦ C in the lowlands in the South and Northeast of Romania.
Under these circumstances, maximum temperatures up to 30 ◦ C can occur in April or October
(Figure 11c), while, in May or September, values higher than 30 ◦ C are quite frequent. For B2 HW
sub-type, with a more pronounced Southwest airflow, the mean maximum temperature is higher in
◦
the
South2016,
and7,West
Atmosphere
50 of Romania (31–35 C), while in the Northeast the mean maximum temperature
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Under these conditions, the highest positive anomaly was recorded in southwestern Romania
Under these conditions, the highest positive anomaly was recorded in southwestern Romania
and locally near the curvature of the Romanian Carpathians (Figure 13a). The last region may be an
and locally near the curvature of the Romanian Carpathians (Figure 13a). The last region may be
indicator of the role played by the foehn effect of the Westerly flow crossing over the mountains,
an indicator of the role played by the foehn effect of the Westerly flow crossing over the mountains,
reflected in the mean maximum temperature in December (Figure 13b). High anomalies are also
specific in the northeast of the country, a region prone to the westerly circulation.
The lower maximum temperature, in the winter, in southeastern Romania is generated by the
proximity of the Black Sea, especially in the region of the Danube Delta.
The positive anomalies are lower in Northern Carpathians and generally in central and
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reflected in the mean maximum temperature in December (Figure 13b). High anomalies are also
specific in the northeast of the country, a region prone to the westerly circulation.
The lower maximum temperature, in the winter, in southeastern Romania is generated by the
proximity of the Black Sea, especially in the region of the Danube Delta.
The positive anomalies are lower in Northern Carpathians and generally in central and
Northwestern Romania because of the Westerly circulation which brings colder polar air masses
from the North Atlantic, while eastern and southern Romania are still under the influence of the warm
air advected previously from Central and Western Europe. In addition, intense thermal inversions can
develop in the mountain depressions in northwestern Romania under warm air advection conditions
induced by the Westerly circulation, and resulting in lower maximum temperatures than outside the
Carpathian Mountains.
4. Conclusions
Europe has had many recent instances of unprecedented HWs affecting large populated areas
with very high mortality rates, particularly in the summers of 2003 and 2006 [14,24,85–87]. In this
paper, we bring a large scale perspective to the HWs/WSs occurrence conditions in Romania, but these
results can also be useful for some neighboring regions.
In this paper, we identified two main types and five sub-types of synoptic conditions generating
HWs/WSs. We found that, in summer, HWs are induced by positive or neutral sea level pressure
anomalies, with major role played by strong and persistent well-developed ridges and their ability to
push moisture pole ward along their western branch. During other seasons, the cyclonic conditions
associated with intense advections are common. A steep increase of the HWs/WSs days during the last
15 years must be highlighted as a possible indicator of the future evolution of these types of extreme
weather events.
These results can become a useful tool for weather forecasters to better predict the occurrence of
HWs/WSs as well as to different stakeholders acting in health and public transportation systems or
energy supplying systems due to the multitude of negative impact types induced by HWs/WSs.
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