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ABSTRACT: In this paper, we investigated changes in heat and cold waves in Romania over the period 1961-2015 by
employing a new and superior approach. It consists in using excess heat factor to identify heat waves and excess cold factor to
identify cold waves. Five indices were calculated and then analysed for both heat waves and cold waves resulting in a set of
ten indices. Indices for heat waves were analysed for the extended summer season (May—September), whereas those for cold
waves were assessed for the extended winter (November—March). The intensity threshold was set to be equal or above the 90th
percentile for heat waves, and equal or below the 10th percentile for cold waves, while the duration threshold for both heat and
cold waves was of at least three consecutive days. For a better comparison with other studies conducted worldwide, and to get
more information from the data sets, the percentile thresholds for heat and cold waves identification were calculated based on
three reference periods: 1961-1990, 1971-2000, and 1981-2010. Trends were calculated using ordinary least square method,
whereas statistical significance was assessed by the 7-test. The main results indicated that changes are more substantial in the
case of indices calculated based on excess heat factor compared to those based on excess cold factor, suggesting that the
warming process is more reflected in heat waves rather than in cold waves. Thus, heat waves became more frequent, longer,
and more intense, while cold waves became less frequent, but more intense. When the reference period for percentile threshold
calculation was changed from the earliest to the most recent ones, the frequency of increasing and significant increasing trends

decreased for some of the heat wave indices, while for the cold wave indices the significant downward trends increased.
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1. Introduction

Among natural hazards, heat and cold waves cause a high
number of casualties. Heat wave (HW) and cold wave
(CW) events are factors of high stress to biological sys-
tems, especially elderly and young population, who are the
most vulnerable and can be put at risk (Hartz et al., 2012).
Although the human body can be very effective in adapt-
ing its functions to environmental conditions and acclima-
tize, sudden exposure to extreme high or low temperatures
may cause serious health problems or even death (Basarin
et al., 2016). The failing of the human body to adequately
respond to HWs and CWs can lead to heat strokes, acute
cerebrovascular accidents, contribute to thrombogenesis,
and aggravate chronic cardiac and pulmonary conditions,
kidney failure, hyperthermia and hypothermia, and other
diseases (WHO, 2006; Basarin et al., 2016). The risk
of death during heat and cold episodes can also arise
from indirect causes related to heat and cold such as
drowning accidents or carbon monoxide intoxication (Kim
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etal.,, 2016). Even though there is no simple relation-
ship between air temperature and morbidity and mortality,
high correlation between certain extreme temperatures and
mortality has been demonstrated worldwide (Knowlton
et al., 2009; Barnett et al., 2012). HWs cause more deaths
all over the world than any other natural hazards (Unkase-
vic and Tosic, 2009; D’Ippoliti et al., 2010; Peterson et al.,
2013; Shaposhnikov er al., 2014; Liu et al., 2015; Nairn
and Fawcett, 2015; Kim et al.,, 2016; Chen et al., 2017).
Some previous studies showed an increase in the num-
ber of deaths during HWs: between 3.0 and 7.8% in the
United States of America (Medina-Ramén and Schwartz,
2007; Anderson and Bell, 2009; Peng et al., 2011), 21.8%
in the Mediterranean areas (D’Ippoliti et al., 2010), 16.5%
in Spain (Linares et al., 2015), 5% in China (Ma et al.,
2015). At present, it is considered highly likely that anthro-
pogenic effect on climate will double the risk of HWs of
the same magnitude of that which occurred in Europe in
2003 and was characterized by a severe impact on popu-
lation (Montero et al., 2012). In coming years, changes in
HWs are expected to have a greater impact on human mor-
tality than CWs (Linares et al., 2015; Wang et al., 2016).
CWs also contribute to a wide range of impacts on
human health, including death from respiratory and cardio-
vascular conditions (Barnett et al., 2012). In Central and
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Figure 1. Study area and considered weather stations. [Colour figure can be viewed at wileyonlinelibrary.com].

(Brasov, Satu Mare, Oradea, Timisoara, and Targu Mures)
data sets were provided by the Romanian National Mete-
orological Administration (RNMA). The 55-year period
(1961-2015) was chosen in order to avoid as much as
possible the inhomogeneities and gaps in the daily data
that could be induced by some non-climatic factors, such
as changes in the observation practices and timetable, or
historical events, as the world wars (Croitoru et al., 2015,
2016a). Also, the 55-year period is long enough for trend
detection. So as to meet the World Meteorological Orga-
nization (WMO) requirements, we did not include stations
that had more than 5% of missing data. Finally, each sta-
tion used for this study had less than 2.2% of missing data
(Table 1).

2.3.
2.3.1

Methods
Data quality control

Before indices calculation, all the data were quality con-
trolled by using ClimPACT?2 software. As described in
the User guide, the quality control (QC) consisted in a
complex procedure based on seven tests (Alexander and
Herold, 2016).

First, the interquartilic range (IQR) technique was
employed at monthly time-scale to identify the potential
outliers. The IQR is the difference between the 75th and
the 25th percentile. All temperature data values falling
outside the range defined by 25th - 3 and 75th + 3 IQR are
considered outliers. This method has the advantage that
the detection of percentile-based outliers is not affected
by the presence of larger outliers.

The second step used for QC consisted in reporting the
occurrence of four or more equal consecutive values in the
temperature data series.
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The third technique assessed and considered for elimi-
nation all values higher than 50.0 °C.

The fourth step of QC stage considered the cases in
which temperature difference between two consecutive
values was equal or higher than 20.0 °C.

The fifth technique detected all the cases when TN was
higher than TX of the same day and fixed them.

The sixth step considered for elimination the values of
TX and TN, which were more than four standard devia-
tions away from their mean values.

The seventh technique evaluated the rounding problems.
This test assessed how often each of the ten possible values
(0.0-0.9) appeared after the decimal point. If one or more
values are too or less frequent than others, one might
consider to discharge the series or use a statistical approach
to restitute the data. After QC assessment only a few errors
were found in the data sets and they were eliminated.

2.3.2.
factor

Calculation of excess heat factor and excess cold

The two indices were calculated based on percentile val-
ues. The threshold percentiles were computed for each cor-
responding calendar day of the year (including those in the
extended summer and extended winter seasons) using a
15-day running window. This calculation technique was
implemented in the standardized software ClimPACT2
developed by expert team on Sector-specific Climate
Indices (ET-SCI) of the WMO, Commission for Climatol-
ogy (www.wmo.ch). Compared to some previous sources
(Nairn and Fawcett, 2013; Perkins and Alexander, 2013),
in this software the EHF has been updated and uses the
90th percentile of daily mean temperature for each calen-
dar day using a 15-day running window (Alexander and
Herold, 2016).

Int. J. Climatol. (2017)
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Table 1. Geographical coordinates of the weather stations considered.

No. Weather station name?® Latitude (N) Longitude (E) Altitude (m) Missing data (%)
1 Arad 46°08'15" 21°21'13" 117 0.0
2 Bacau 46°31'54" 26°54'45" 184 0.0
3 Baia Mare 47°39'40" 23°29'36" 224 0.0
4 Bistrita 47°08'56" 24°30'49"” 367 0.0
5 Botosani 47°44'08" 26°38'40" 161 0.0
6 Brasov 45°41'46" 25°31'40" 535 0.0
7 Bucuresti Baneasa 44°31'00” 26°05'00” 90 0.0
8 Buzau 45°07'57" 26°51'05" 97 0.0
9 Calarasi 44°12'22" 27°20'18" 19 0.0
10 Caransebes 45°25'01"” 22°13/30"” 241 0.0
11 Cluj-Napoca 46°46'39" 23°34'17" 410 0.0
12 Constanta 44°12'49" 28°38'41" 13 0.0
13 Craiova 44°18'36" 23°52/00"” 192 0.0
14 Deva 45°51'52" 22°53'55" 230 0.0
15 Drobeta-Turnu Severin 44°37'43" 22°37'33" 77 0.3
16 Galati 45°28'23" 28°01'56" 71 0.0
17 Tasi 47°10'15" 27°37'42" 102 0.0
18 Miercurea Ciuc 46°22'16" 25°46'21" 661 0.0
19 Ocna Sugatag 47°46'37" 23°56/25" 504 2.1
20 Oradea 47°02'10” 21°53'51" 136 0.0
21 Ramnicu Valcea 45°05'19” 24°22'45" 239 0.5
22 Rosiori de Vede 44°06'26" 24°58'42" 102 0.0
23 Satu Mare 47°43'18" 22°53/20" 128 0.0
24 Sibiu 45°47'21" 24°05'28" 444 0.0
25 Sulina 45°08'00” 29°45'00" 3 0.2
26 Targu Jiu 45°02'26" 23°16/35" 204 0.0
27 Targu Mures 46°32'01” 24°32'07" 317 0.0
28 Timisoara 45°46'17" 21°15'35"” 86 0.0
29 Tulcea 45°11'26" 28°49'26" 4 0.1
30 Turnu Magurele 43°45'36" 24°45'41" 31 0.0
31 Varful Omu 45°26'45" 25°27'24" 2504 0.0

*Weather stations are arranged alphabetically.

The percentile thresholds for significant excess heat
index (EHI;,) and significant excess cold index (ECl;,)
were calculated over three reference periods (1961—-1990,
1971-2000, and 1981-2010). This approach allows for
a better comparison with other studies and provides use-
ful extra information, since consistent differences were
found among those three reference periods when percentile
thresholds were calculated and analysed for the consid-
ered weather stations in Romania (Figures 2 and 3, and
Figures S1-S6, Supporting information).

The reference period of 19611990 is recommended by
the WMO in the latest update to Guide to Climatological
Practices, as it should be used to compare climate change
and variability across all countries relative to this standard
reference period (WMO, 2016).

The other two reference periods were employed because
the WMO also accepts the possibility of using more recent
reference periods, since considering them allows for a
slight improvement in ‘predictive accuracy’ for elements
that show a secular trend (i.e. where the time series show
a consistent rise or fall in their values when measured
over a long-term period). Also, the percentile values calcu-
lated based on 1971-2000 or 1981-2010 reference peri-
ods would be viewed by many users as more ‘current’
than those calculated based on 1961-1990 period (WMO,
2011). Thus, we considered that the population could be

© 2017 Royal Meteorological Society

more adapted to the ‘present’ temperatures represented
by the last reference period. Even though it is the most
‘optimistic’ situation of changes in HWs, we still found
evidence for important changes. Consequently, our study
could be an important tool for local and national admin-
istration in order to adopt the most appropriate mitigation
and adaptation measures.

2.3.2.1. Excess heat factor calculation: EHF is a new
method to measure HWs and it is based on two excess
heat sub-indices incorporating both TX and TN (Nairn and
Fawcett, 2013; Alexander and Herold, 2016):

EHL, = [(Tm; + Tm,_, + Tm,_,) /3] -Tm90i (1)

and

EHL, . = [(Tm; + Tm,_, + Tm,_,) /3|

[- (Tm_5+ -+ Tm,_3,) /30] Q)
where EHL;, describes the anomaly over a 3-day period

against the 90th percentile of the mean daily temperature
(Tm) of the reference period, Tm; represents the daily mean
temperature for day i (7m is calculated as average value
of TX and TN of the same day i as Tm = (TX + TN)/2),
and Tm90i is the 90th percentile of Tm for each calendar
day within the user-specified reference period, using a

Int. J. Climatol. (2017)
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Figure 2. The 90th percentile of daily Tm for extended summer season for three reference periods at six representative weather stations in Romania.

15-day running window; EHI,, is the excess heat index
for acclimatization and it is defined as the anomaly of the
same 3-day period against the preceding 30 days.

While EHI;, sub-index refers to a significant excess heat
against long-term climatic conditions, EHI, . sub-index
assesses human body acclimatization to its local climate in
terms of air temperature, in 30 days; this takes into account
the idea that people acclimatize (at least to some extent)
to their local climate, with respect to the temperature
variation across latitude and throughout the year, but they
may not be prepared for a sudden rise in temperature above
the value of the recent past (Nairn and Fawcett, 2015).

Equations (1) and (2) are then combined to obtain EHF:

3)

where positive values of EHF define HW conditions for
day i. Therefore, these conditions must persist for at
least three consecutive days to allow identification of
a HW event. Recently, a similar procedure has been

EHF = max |1, EHI,,| x EHI,

© 2017 Royal Meteorological Society

successfully employed to study the impact of extreme heat
events on human health and mortality (Langlois et al.,
2013; Perkins and Alexander, 2013; Hatvani-Kovacs et al.,
2016), but it is also efficient for studying the impact
on other socio-economic sectors. More specifically, the
ability of biological systems to recover from high heat
load is dependent on the diurnal variation of temperature.
A sufficient drop from TX during the day to TN by night
will allow the heat to discharge. However, high TN will
lead to an accumulation of heat load, causing excess heat
(Nairn and Fawcett, 2013) with negative consequences on
various systems. The EHF definition used in this study
differs slightly from that stated by Nairn and Fawcett
(2013). The main differences consist in using the 90th
percentile instead the 95th percentile as intensity thresh-
old for HWs and the calculation of the percentile is based
on a 15-day window centred on each calendar day of the
extended summer season instead of a single value cal-
culated over the entire season (Alexander and Herold,

Int. J. Climatol. (2017)
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Figure 3. The 10th percentile of daily Tm for extended winter season for three reference periods at six representative weather stations in Romania.

2016). The advantage of using this approach lies in the
fact that it can offer better comparisons with other studies
which mostly used the 90th percentile for the identification
of HWs.

2.3.2.2.  Excess cold factor calculation: Similar to EHF,
the ECF was developed to measure CWs. It is expressed
by two excess cold sub-indices incorporating both TX and
TN and it is calculated on the same principles as EHF, as
it follows:

EClLg, = [(Tm; + Tm;_y + Tm,_,) /3] =Tm10i  (4)

where Tm; is the daily mean temperature of day i and
Tm10i is the 10th percentile of Tm calculated for each
calendar day (day i) of the considered season (extended
winter).

EClq = [(Tm; + Tm_, + Tm,_,) /3]
[= (Tm;_5 + -+ Tm;_3,) /30] 6))

© 2017 Royal Meteorological Society

The ECI, is the significant excess cold index and mea-
sures the significant excess cold against long-term cli-
matic conditions, while the ECI,_ is the excess cold index
for acclimatization and measures cold stress induced by
short-term temperature contrast. Then ECF is derived from
the two sub-indices as:

ECF = —ECI, x min (—1,ECl,.,) (6)

The negative values of ECF indicate CW conditions, and
a period of at least three consecutive days defines a CW
event.

The choice of at least three consecutive days for HW
and CW indices calculation derived from studies on human
responses to onset of extremely hot or cold weather.
According to these, it takes three consecutive days of very
hot or cold weather in order to rise significantly the mortal-
ity rate above its antecedent rate (Nairn and Fawcett, 2015;
Wang et al., 2016).

Although some sources state that the effects of CWs on
mortality have been observed to be milder than those of

Int. J. Climatol. (2017)
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HWs (Ekamper et al., 2009; Miron et al., 2015), and it is
recommended to use the more extreme threshold of 5th
percentile for ECL;,, we still used the 10th percentile in
order to compare the results of CWs to those of HWs.

EHF-based indices were analysed for the extended
summer season (May—September), while those based
on ECF were assessed for the extended winter season
(November—March).

2.3.3. EHF and ECF indices

To assess changes in HWs and CWs, five indices were
calculated based on both EHF and ECEF, resulting in a
set of ten indices recommended by ET-SCI of the WMO
Commission for Climatology and Indices (CCI) (Table 2):

i. The annual number of individual events in each
extended summer for EHF (EHF_HWN) and each
extended winter for ECF (ECF_CWN);

ii. The annual number of participating days when con-
ditions for the occurrence of an event are met, as
confirmed by definitions (EHF_HWF for EHF and
ECF_CWEF for ECF);

iii. The length of the longest event measured by EHF
(EHF_HWD) and ECF (ECF_CWD) each year;

iv. The mean values of all HW or CW events magnitude
in a year (EHF_HWM for EHF and ECF_CWM for
ECF);

v. The amplitude is calculated as the highest daily value
in the hottest HW (EHF_HWA) and respectively as the
lowest daily value in the coldest CW (ECF_CWA).

All five indices were calculated for each extended sum-
mer for EHF and for each extended winter for ECF over
the period 1961-2015 by employing ClimPACT?2 software
(Alexander and Herold, 2016) resulting in a total number
of 930 time series that were analysed in this paper (10
indices calculated for 31 locations based on 3 reference
periods).

2.3.4. Trend detection

Climate change has been detected worldwide by using a
multitude of trend tests, designed to detect linear or non-
linear trends (Mann—Kendall test, ordinary least square
(OLS) method, Pettitt test, change-point models with sta-
tistically dependent or independent errors, etc.). In our
study, trends were calculated using OLS method, whereas
statistical significance was assessed by employing the
t-test. OLS method uses a linear model to estimate the
magnitude of the slope. Slopes of time series were com-
puted per decade. 7-test follows a student’s ¢-distribution.
The statistical significance of the trends was assessed at
the 5% level (p < 0.05). These methods have been used in
the latest decades to document climate changes in different
regions of the planet (Spinoni ef al., 2015; Anandhi et al.,
2016). Both methods are implemented in the ClimPACT?2
software (Alexander and Herold, 2016) and in the ear-
lier version of the same software (ClimPACT), which was
successfully used by Keggenhoff er al. (2015) for HWs
indices detection in Georgia.

© 2017 Royal Meteorological Society

In order to detect spatial patterns of changes, maps of
spatial distribution of trend types were generated by using
ArcGIS 10.2 software.

3. Results and discussions

3.1. Brief climatology of EHF and ECF indices

The climatological values of HWs and CWs indices based
on EHF and ECF definitions for each of the three thresh-
old sets employed for the Romanian territory are shortly
presented in this section.

In Romania, on average, there were recorded between
1.7 and 2.9 HW events, corresponding to each threshold for
the extended summer season (May—September) (Table 3).
The number of CW events is higher than the number of
HW events for all the thresholds considered. These results
suggest that Romania is more exposed to CWs than to
HWs. Also, ECF_CWD analysis reveals that the longest
average length of the CWs is more than double compared
to that of the HWSs as assessed by EHF_HWD index. As
it was expected, ECF_CWF index values are also higher
than EHF_HWEF since these indices are directly connected
and have a direct influence on the number and length of
CW and HW events. The HWs and CWs magnitude values
(EHF_HWM and ECF_CWM indices) are quite similar
when different reference periods are used to calculate the
intensity threshold.

3.2.  Overall changes

Changes in HWs and CWs indices were identified and
analysed for all 930 time series generated. Our results
revealed a generalized increase of HWs-related indices in
most of the time series. Overall, HWs indices increased
in 93.5% of the cases when the percentile threshold
was calculated over the reference period 1961-1990.
The upward trend was found statistically significant for
66.5% of all of the time series considered (Figure 4(a)).
When 1971-2000 and 1981-2010 reference period
thresholds were considered, the results showed a fre-
quency of upward trends that slightly decreased but
still remained high, while the frequency of downward
trends increased (Figures 4(b) and (c)). The highest fre-
quency of statistically significant increase is specific
to EHF_HWN, EHF_HWF, and EHF_HWD indices.
EHF_HWM and EHF_HWA also recorded upward trends
for the majority of locations considered, yet statistically
insignificant.

Most of the CWs data series generated based on ECF
were found statistically insignificant. Trends detected had
a general downward trend. Results showed a decreas-
ing trend in about 80% of time series for all the refer-
ence periods considered (Figure 5). Statistically signifi-
cant decrease covered 28-34%, depending on the ref-
erence period used for intensity threshold calculation.
It has a higher frequency in case of ECF_CWN and
ECF_CWF indices, especially when the threshold was cal-
culated based on the recent reference periods (Figures 5(b)

Int. J. Climatol. (2017)
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Table 2. Heat and cold waves indices (after Alexander and Herold, 2016 and Loughran et al., 2017).

Index Definition Units
Heat wave indices
EHF_HWN The annual number of individual HWs calculated based on EHF that occur in Events
each extended summer (May—September)
EHF_HWF The number of days that contribute to HWs as identified by EHF_ HWN Days
EHF_HWD The length of the longest HW identified by EHF_HWN Days
EHF_HWM The magnitude is the average of all heatwave’s averaged EHF values in a year °C?
identified by EHF_HWN calculated based on EHF
EHF_HWA The peak daily value in the hottest HW calculated based on EHF °C?
Cold wave indices
ECF_CWN The annual number of individual CWs calculated based on ECF that occur in Events
each extended winter (November—March)
ECF_CWF The annual number of days that contribute to CWs as identified by ECF_CWN Days
ECF_CWD The length of the longest CW identified by EHF_CWN Days
ECF_CWM The magnitude is the average of all coldwave’s averaged ECF values identified °C?
by ECF_CWN calculated based on ECF
ECF_CWA The lowest daily value in the coldest CW calculated based on ECF °C?
Table 3. Climatological values of EHF and ECF-based indices over the period 1961-2015.
Parameter EHF ECF
HWN HWF HWD HWM HWA CWN CWF CWD CWM CWA
(events) (days) (days) (°C? (°C? (events) (days) (days) (°C?) °C?»
Reference period for percentile calculation: 19611990
Mean? 29 154 7.1 5.6 16.6 39 32.0 14.6 -20.0 -94.0
Maximum® 8.4 64.1 17.7 15.2 47.8 8.1 71.4 353 -540 -276.0
Minimum® 0.0 0.0 3.0 0.9 1.9 0.6 2.6 3.6 =57 -123
Reference period for percentile calculation: 1971-2000
Mean 2.5 12.9 6.6 5.6 15.9 4.0 33.8 15.2 -19.7 -96.0
Maximum 8.0 60.0 17.0 14.8 47.8 8.2 74.4 37.1 -542  =279.6
Minimum 0.0 0.0 3.0 0.9 1.7 0.7 32 39 -54 —12.8
Reference period for percentile calculation: 1981-2010
Mean 1.7 8.1 5.7 55 14.1 4.0 33.6 15.2 -19.7 -95.7
Maximum 7.1 47.8 14.8 15.0 442 8.1 74.5 36.7 =545 =279.1
Minimum 0.0 0.0 3.0 0.8 1.6 0.7 3.1 3.8 -5.6 —13.1

2The mean values are calculated based on all stations values. ®The maximum value is the highest value recorded in Romania (for the considered
weather stations). “The minimum value is the lowest value recorded in Romania (for the considered weather stations).

and (c)). Statistically insignificant changes (both increas-
ing and decreasing trends) were identified for the other
three indices for the great majority of weather stations
considered.

3.2.1. Analysis of changes detected in HWs indices

3.2.1.1. Heat wave number (EHF_HWN): The number
of EHF-based HWs recorded an important change in
Romania during the extended summer season over the
period 1961-2015. Increasing trends were found in all
data sets analysed, while significant increasing trends had
a frequency of 97% when the first and the last reference
periods were considered for calculation of the percentile
threshold. The frequency slightly decreased (94%) in the
case of 1971-2000 reference period (Figures 4 and 6).
The magnitude of change had an average value of
0.70 events decade™! for the studied area using the first
reference period (Table 4). Slopes recorded slightly lower
values when the recent reference periods were used for per-
centile thresholds calculation (0.64 eventsdecade™! and

© 2017 Royal Meteorological Society

0.52 events decade™!). The magnitude of change had low
values (below 0.4 events decade™!) only for few stations,
while the most part of the Romania’s territory was affected
by higher values (above 0.7 eventsdecade™') when
1961-1990 reference period threshold was employed
(Table 4).

The magnitudes of EHF_HWN slopes were lower for
the first two reference periods and higher for the last one
compared to those detected for HWN calculated based on
daily TX in a previous study (Croitoru et al., 2016a). When
compared to the weak magnitude of HWN identified based
on daily TN by Croitoru et al. (2016a), our results revealed
higher slopes for EHF_HWN for all reference periods.
No decreasing trends were recorded for EHF_HWN in
Romania, for the considered period.

These results indicated that EHF-HW events became
more frequent in Romania during the extended summer
season over the period 1961-2015. Such changes can
have an important impact on society and environment
due to the thermal stress caused to humans, plants, and
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Table 4. Slopes of EHF-HWs indices over the period 1961-2015.

Parameter EHF_HWN EHF_HWF EHF_HWD EHF_HWM EHF_HWA
Unit Events decade™! Days decade™! Days decade™! °C? decade™! °C? decade™!
Reference period for percentile calculation: 1961—1990

Mean?® 0.70 5.09 1.02 0.12 1.65
Maximum® 0.98 8.15 2.34 0.50 3.38
Minimum® 0.14 1.28 0.16 -0.42 -0.75
Reference period for percentile calculation: 1971-2000

Mean 0.64 4.30 0.84 0.07 1.30
Maximum 0.95 6.77 1.76 0.52 2.97
Minimum 0.19 1.56 0.11 -0.42 —0.82
Reference period for percentile calculation: 1981-2010

Mean 0.52 3.03 0.62 —0.11 0.76
Maximum 0.81 4.62 1.16 0.55 2.88
Minimum 0.12 1.23 0.23 -1.22 —1.11

aThe mean values are calculated based on all stations values. PThe maximum value is the highest value recorded in Romania (for the considered
weather stations). “The minimum value is the lowest value recorded in Romania (for the considered weather stations).
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Figure 4. Trends frequency of EHF-based indices of HWs over the period
1961-2015. [Colour figure can be viewed at wileyonlinelibrary.com].

animals. Quality of life can be considerably diminished
by increasing morbidity and mortality, especially in the
case of poor people who do not have air conditioning in
their houses. Under these circumstances, the identification
and implementation of the most appropriate adaptation
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Figure 5. Trends frequency of ECF-based indices of CWs over the period
1961-2015. [Colour figure can be viewed at wileyonlinelibrary.com].

measures should be of a high priority. Moreover, a wide
range of specific sectors (e.g. food security and agriculture,
water resources, electricity) should not neglect the changes
in EHF_HWN as this index is highly relevant for different
sectorial impacts.
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Figure 6. Spatial distribution of changes in EHF_HWN index over the period 1961-2015. [Colour figure can be viewed at wileyonlinelibrary.com].

3.2.1.2. Heat wave frequency (EHF_HWF): The results
for the participating HW days quantified by EHF_HWF
index are similar to those of EHF_HWN. EHF_HWF
increased significantly in 97% of the weather stations
considered for all three thresholds used (Figure 7).
The magnitude of the significant increasing trends
ranged between 1.28 and 8.15 days decade™' in the case
of 1961-1990 reference period chosen for threshold
calculation (Table 4). As average value, EHF_HWF
increased by 5 days decade™" for the first reference period
considered and had a slower rate of increase when the
threshold was calculated based on the recent reference
periods. As the number of contributing days for EHF-HWs
increased significantly, this change can be reflected either
in HWN or HWD, or in both cases. The results sug-
gest that, among other factors, changes in EHF_HWF
have considerably contributed to increasing trends in
EHF_HWN. Out of all the analysed indices, EHF_HWF
had the highest increase in terms of number of significant
trends detected.

3.2.1.3. Heat wave duration (EHF_HWD): The dura-
tion of the longest HW of each year (EHF_HWD index)
registered an important change for all reference peri-
ods considered for threshold calculation. Thus, 90% of
the trends detected increased significantly when per-
centile thresholds were calculated based on the first
two reference periods, while for the last one, significant
increasing trends recorded a much lower frequency,
of 65% (Figures4 and 8). On average, EHF_HWD
increased by 1.02days decade™' when 1961-1990 ref-
erence period was used (Table 4). The highest increase
was recorded in southeastern Romania, on the Black
Sea coastline (2.34 daysdecade™' at Constanta weather
station). When 1971-2000 and 1981-2010 reference
periods were employed for threshold calculation, the
slopes of EHF_HWD increased at a lower rate on average
(0.84 and 0.62 days decade™"). The spatial distribution of
trends indicated that statistically insignificant trends were
mostly found in the northwestern, central, southern, and
southeastern areas, especially when the intensity threshold
was calculated based on the most recent reference period
(Figure 8).

There is a strong evidence indicating that the longer
the HW spans in time, the higher the number of deaths
(Gasparrini and Armstrong, 2011; Montero et al., 2012;
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Miron et al.,, 2015). It was found that for every 1-day
increase in HWD, mortality risk increased by 0.38% in
the United States of America (Anderson and Bell, 2011)
and by 2.6% in Korea (Son et al., 2012). Kim et al. (2016)
used the maximum duration of HWs as a predictor of
human deaths and showed that this index is even more
alarming than the HWN. As the EHF_HWD significantly
increased in Romania over the 55-year period considered,
this could have a serious impact on human health and
mortality. Moreover, it was found that the maximum dura-
tion of a HW had a major impact on water quality, which
can induce indirect effects on human health and ecosys-
tems (D’Ippoliti et al., 2010; Liu et al., 2015; Kim et al.,
2016).

3.2.1.4. Heat wave annual mean  magnitude
(EHF_HWM): From the oldest to the newest reference
period, the number of increasing trends of EHF_HWM
index diminished considerably. It recorded increasing
trends in 74% of the locations, when 1961—-1990 refer-
ence period was used and had lower values in the case of
the last two reference periods used: 58% for 1971-2000
reference period and 45% for 1981-2010 reference
period, respectively (Figure 4). None of the increasing
trends were statistically significant. Increasing trends were
slightly overcome by decreasing trends when EHF_HWM
was calculated with 1981-2010 reference period thresh-
old. The spatial distribution of EHF_HWM trends showed
that positive slopes are mainly concentrated in the western
half of Romania for all thresholds (Figure 9). Overall, the
mean annual magnitude of HWs increased by 0.12 and
0.07°C? decade™! when the first two reference periods
were used, and decreased by —0.11 °C? decade™! when the
most recent reference period was considered for percentile
threshold calculation (Table 4). These results suggest that
although EHF-HWs became longer and more frequent for
the extended summer season in Romania, they did not
record a significant change in terms of mean annual mag-
nitude. Opposite to these results, Croitoru et al. (2016a)
found significant increasing trends for HWM identified
based on daily TX for most locations, but when using
HWM based on TN significant increase was found only
in the southwestern areas. This may be explained by the
fact that EHF_HWs contains supplementary components
such as the cumulative effect of TX and TN and the
acclimatization (the impact of the preceding 30 days).
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