Reviewer 1
GENERAL COMMENTS

The paper presents an assessment of the spatio-temporal variability and trends of hot and dry summers,
over the last fifty years, analyzing the physical mechanisms driving the occurrence of hot summers in
Romania. For this, the heatwave duration index (HWDI), the Standardized and Precipitation index (SPI)
and the compound hot and dry index (DHD) are computed for this region. | consider that this work is
interesting, however, | also need to say, that I find the manuscript difficult to read, especially because
the reader is constantly referred to supplementary material. Many of the figures in the supplementary
material are necessary to follow the results. In this sense, | consider that a reorganization of the
Methodology and Results sections is necessary. | think that an improvement of the paper is need previous
to publication in order to reach the expected international standards requested by the journal.

R: Thank you for your constructive evaluation of our study. In the revised version of the manuscript
we have consider all comments and suggestions and we have improved the manuscript accordingly
(see detailed responses below).

SPECIFIC COMMENTS

1. Firstly, I think the authors are wrong in their attempt to extend their work on eastern Europe. All the
calculations of the indices are made considering only data from Romania, and all the results shown in
the manuscript are based on these indices. Although it is true that Romania is part of eastern Europe, the
results obtained for just a country cannot be generalized to the complete eastern Europe. In my opinion
this is an error, because from the title of the article the reader expects to find results referring to a much
broader region. However, this fact does not detract from the value of the work, since Romania's
geographical position, as well as its topographic characteristics, make it a very interesting region from a
climatological point of view.

R: The title of the manuscript will has been changed to reflect the analyzed region. More specifically the
new title is: Hotspots for warm and dry summers in Romania

2. Other important point is about the use of the standardized precipitation index (SPI) to analyze drought
events. | know that the SPI is a robust index widely used since it has a clear computation procedure and
multi-scalar character. Nevertheless, the SPI only uses precipitation data to detect drought events.
However, in the context of global warming is important to consider the effects of the temperature on
drought. In this sense there is a new drought index, similar to SPI, that has the additional benefit of taking
it into account. This is the Standardized Precipitation-Evapotranspiration Index (SPEI; Vicente Serrano
et al., 2010), which combines the benefit of using the reference evapotranspiration with the simplicity,
robustness, and the multi-scalar properties of the SPI. The increasing pattern of evaporation by global
warming is not a negligible factor for drought assessment. So, SPEI is relatively better for drought
monitoring compared with SPI. Taking this into account, | consider that the comparative study of regional
applicability of these indices is highly required for suitable applications.

Vicente-Serrano, S. M., S. Begueria, and J. I. Lépez-Moreno (2010), A multiscalar drought index
sensitive to global warming: The Standardized Precipitation Evapotranspiration Index, J. Clim., 23,
1696-1718, doi:10.1175/2009JCL129091.



R: In the revised version of the manuscript we have replaced the SPI with SPEI and the text and the
results have been described accordingly.

3. About the use of ROCADA dataset, | don’t understand the advantage of using it because it has the
same 0.1° x 0.1° spatial resolution than EOBs and shorter temporal cover.

R: We have added also the results of ROCADA dataset mainly because in previous studies we got
complains that EOBS might not be suitable to make studies in Romania. But in the revised version of the
manuscript have to removed the information and figures regarding the ROCADA dataset.

4. Page 1, lines 24-26: Authors literally conclude “that our study can help improve our understanding of
the spatio-temporal variability of hot and dry summers, especially at the regional scale, as well as their
driving mechanisms which might lead to a better predictability of these extreme events”. I think that this
cannot be a specific conclusion of this work. I suggest to change this with: “The results from this study
can help improve our understanding of the spatio-temporal variability of hot and dry summer over
Romania, as well as their driving mechanisms which might lead to a better predictability of these extreme
events in the region.”

R: The text has been modified as suggested by the reviewer.

5. Page 2, lines 82-88: A first summary about the main objective of the paper is made, and then this
sound repeated in the description of the two main objectives. | suggest rewriting this by linking the two
paragraphs.

R: The two paragraphs have been modified to make the text more clear and not repetitive.

6. Page 3, lines 97-98: Figure S1, which shows the temporal evolution of the heat wave duration index
(HWDI) averaged for Romania for different durations, is introduced without explain the specific
definition used for HWDI. Along with this, Figure S1 results are not relevant for the study, so | would
suggest not showing this figure, especially considering the high number of figures in the manuscript (plus
12 figures in the supplementary material).

R: Figure S1 together with some other figures have been removed from the revised version of the
manuscript.

7. Page 4, line 11: “(values <-1)” is referring to the values of SPI, which is cited later in the sentence. |
suggest to eliminate this parentheses.

R: The text has been modified accordingly.

8. Page 4, line 121: the text in the parentheses is redundant. | suggest to change this with only (August
SPI3 < -1).

R: The text has been modified as suggested.
9. Page 5, line 139: Figure 2 shows the HWDI averaged at the country level. ; What is the meaning of

that? ¢ Is this the heatwave duration index averaged for Romania? If this is the case, the title of section
3.1 (summer heat waves in eastern Europe), must be changed by summer heat waves in Romania. | think



that the complete analysis is centered in Romania, not using data from the rest of the countries of eastern
Europe. So | think that even the title of the manuscript must be changed in order not to confuse to the
reader.

R: Yes, in Figure 2 we have shown the heatwave duration index averaged for Romania. In the revised
version of the manuscript we have changed the figure captions to make them more easy to follow and
the title of each sub-section will also be modified to reflect the analyzed region, namely Romania.

10. Page 5, line 148: In table S1 results of the trend analysis for HWDI are shown. The trend analysis
uses de Mann-Kendall test to detect the trend, but what method is used for trend estimation? All this
information should be described in Methodology Section. A review of the methodology section is
necessary.

R: The required information has been added in the Methodology Section.

11. Page 5, lines: 160-161: the average duration of HWs during the period 1950-1970 shows in Fig. 2¢g
is lesser than 10 days.

R: The text has been changed.
12. Page 7, lines 220-223: This is repeated and was already explained in the methodology section.
R: The corresponding paragraph has been removed from the revised version of the manuscript.

13. Page 7, lines 228-235: | think that there are some errors in Figure 5. For example, in Figure 5a is
stated June 2002 as one of the driest years. However | find from Fig. 5a that is 2003. ;Is this correct?
Similarly, from Figure 59 for SPI3, years 2002 and 2018 are stablished as driest summers. | find in this
Figure that the years correspond to 2003 and 2012, respectively. Also, the quality of the Figures should
be improved.

R: All the aforementioned Figures and years have been carefully checked in the revised version of the
manuscript. Since we have used SPEI instead of SPI the text has been substantially changed for this
whole section. Also have tried to improve the quality of the figures in the revised version of the
manuscript.

14. Page 7, line 233: Again authors are referring to the eastern part of Europe. However, the analysis is
just for Romania.

R: The text has been modified to reflect the studied region, namely Romania. These changes have been
integrated throughout the whole manuscript.

15. Page 8, lines 264-268: | consider that this paragraph should be in Introduction section, and not in the
results.

R: We agree with this suggestion. Thus, the aforementioned paragraph has been moved in the
Introduction Section.



16. Page 9, line 307: The methodology used for ranking maps is explained in the supplementary material.
I suggest to change it to the methodology section.

R: The methodology used for ranking maps is going has been moved in the main manuscript in the
Methodology Section.

17. Page 9, line 318: In Figure S6 the location of the 2D atmospheric blocking is shown. The algorithm
for the 2D atmospheric blocking index is also described in the supplementary material. | suggest to
change it into the Methodology section.

R: The algorithm for the 2D atmospheric blocking index has been moved in the main manuscript in the
Methodology Section.

18. Page 10, lines 316-324: In this paragraph is stablished that the pattern resulting from the atmospheric
conditions is an increase in the number of hot days, especially in the southern and eastern regions of
Romania. I cannot see this from figures 10e and S5. The evolution of the Tx anomaly (Figure S5) shows
that this is maximum for the northern Romania.

R: In the revised version of the manuscript we will modify and improve the text following the reviewers
suggestions and the text will be carefully checked to reflect the proper regions.

19. Page 11, line 374: | suggest to introduce a briefly description of the stability map methodology in the
Methodology section. In summary, almost all the methodology used is explained in the supplementary
material, which presents almost the same number of figures as the manuscript itself. Also, all the figures
in the supplementary material are described in detail in the manuscript text, because they are supporting
the results, so it is logical to think that they should be a specific part of the manuscript, and not
supplementary material. In this sense, | consider that a restructuring of the manuscript is necessary.

R: We agree with the reviewer and the stability maps and the atmospheric blocking methodology has
been moved in the main manuscript. Also some supplementary figures have been moved in the main
manuscript in the revised version. Thus, the manuscript has been restructured as suggested by the
reviewer.

20. Page 11, lines 363-368: If Figure S11 shows the composites maps of Z500 and wind for the years
when the HWDI index (averaged for Romania) was > 5 days | consider not appropriate the figure caption
for it, which establishes the occurrence of monthly heat waves in the central part of Europe.

R: The figure caption has been modified to reflect the study region.

21. Page 11, lines 380-382: The spatial structure of Z500 anomalies (Figure S11a) is indicating advection
of air from the north-eastern part of Europe into Romania, not from the south-eastern.

R: The text has been modified as suggested.

22. Page 12, lines 420-427: Conclusion section begins with a paragraph with conclusions from other
studies and for other regions in Europe. | think that this information could be appropriate to introduce
the need of making this study in Romania, in the introduction section, but not here. Additionally, later in
the conclusions the Figures showing the different results found are again mentioned. These figures have



been previously described in detail in the Results section, so | consider that they must not be mentioned
here again. Also, | suggest to change this section by Conclusion and Discussion section.

R: The manuscript has been substantially revised (e.g. by including SPEI in the analysis) and have took

into account the suggestions made by the reviewer regarding the Conclusion part and changed the text
accordingly.

TECHNICAL CORRECTIONS

Page 1, line 17: “2020and” should be “2020 and”.

Page 1, line 18: “HWSs” should be “Heat Waves (HWs)”.

Page 2, line 40: “favors” should be “favour”.

Page 2, lines 80-90: “The paper is structured as follow in Section 2 we give a detailed description of the

data and methods used in this study. In Section 3 we...” should be “The paper is structured as follow:
in Section 2 we give a detailed description of the data and methods used in this study; in Section 3

2

Wwe...

Page 5, line 158: “centuries” must be changed by “decades”

Page 7, line 216: To add (Figure 4c).

Page 7, line 217: to add (Figure 4d)

Page 7, lines 238-239: (Figure 6a) was already indicated at the beginning of the sentence.
Page 10, line 322: Figure S6d-S6g should be Figure S5d-S5g.

Page 10, line 335: In figure 11e contours indicating the countries are in white colour and this does not
permit to visualize them correctly.

Page 11, line 370: “map s” should be “maps”.

R: In the revised version of the manuscript all the technical corrections have been taken into account
and the text and figures are going to be modified following the reviewer’s suggestion.

Supplementary material:

In Figures from S6 to S12 the longitude and latitude labels must be indicated, at least in the maps of the
lowest row.

In Figure S8, the contour lines indicating persistent atmospheric blocking system are very difficult to
appreciate.



R: In the revised version of the manuscript we have tried to improve all the figures by tacking into
account the aforementioned suggestions.



Reviewer 2
General Overview:

The authors analyze the hotspots for warm and dry summers in Romania using E-OBS and a regional
dataset covering Romania. The authors intend to study the spatio-temporal variability and trends of hot
and dry summers in the eastern part of Europe, focusing on Romania, between 1950 and 2020 and to
study the relationship between the frequency of hot summers and the prevailing large-scale atmospheric
circulation.

R: Thank you for your constructive evaluation of our study. In the revised version of the manuscript
we have consider all comments and suggestions and we have improved the manuscript accordingly
(see detailed responses below).

The manuscript fails in different aspects. Please find my major comments below:

e The authors should use in their analysis the SPEI over SPI. The SPEI is designed to consider both
precipitation and potential evapotranspiration (PET) in determining drought. Thus, unlike the
SPI, the SPEI captures the main impact of increased temperatures on water demand.

Vicente-Serrano et al. (2012)

R: In the revised version of the manuscript we have replaced the SPI1 with SPEI and the text and the
results have been described accordingly.

o | don"tunderstand the use of ROCADA database. One can argue that ROCADA use more weather
station in the computation of the gridded dataset and therefore finer spatial scales will be resolved.
However, throughout the manuscript it’s not clear the different between EOBS and ROCADA
neither the conclusion is different when using one or another. Therefore, 1 would go with the long
-term dataset EOBS.

R: We have added also the results of ROCADA dataset mainly because in previous studies we got
complains that EOBS might not be suitable to make studies in Romania. But in the revised version of the
manuscript have to removed the information and figures regarding the ROCADA dataset.

e Section 3.3, this section intends to analyze the compound events in terms of hot and dry extremes.
Are SPI < -1 really extreme? | don’t agree with the method used for defining compound event.
They are only based on a month-to-month comparison and don’t go into further detail. What led
to what? Pre-conditioning of soil moisture probably plays a role in the major Heat waves in the
region. Have the authors though in using bi-variate methods to analyze the compound events? Or
even to do a lag analysis between the dry and month summers?

R: Regarding the SPI threshold, this is a common threshold used in similar studies. We consider a
threshold of -0.5 to be not a good indicator because it will include to many “dry” years in our analysis
and a smaller than -1 would reduce dramatically the degrees of freedom for out analysis. We fully agree
with the pre-conditioning. In this respect, in the revised version of the manuscript we have included
lagged and in-phase correlation maps between the two indices (SPEI and HWDI) to be able to better
argue why the combination of different months in defining the compound events.



Zscheischler and Fischer, 2020 : 10.1016/j.wace.2020.100270
Ribeiro at al., 2020 : 10.1016/j.wace.2020.100279

o Section 3.4., there is some lack of novelty in analyzing the synoptic meteorological patterns of
the specific droughts years. No statistically significance is presented.

Sousa et al., 2021 : 10.1175/JCLI-D-20-0658.1

R: The anomaly maps for the case studies cannot have a significance filed because it is just a snapshot
for one event in time, thus we cannot perform any statistical significance. For the composite maps the
significance of the anomalies is actually plotted in the figures (see Figures 13 and 14). It was a misfortune
from our side that we did not write that clearly in the figure caption.

Regarding the comment “there is some lack of novelty in analyzing the synoptic meteorological patterns
of the specific droughts years”, we do not agree with it. Each region has it’s own particularities, thus the
large-scale drivers have different spatial structures. Yes, of course a heat wave will most probably be
driven by a blocking system, but this doesn’t mean that we have fixed and fully closed the issue of
analyzing drivers of extreme events. Moreover, we have added also the stability maps in our manuscript
(Figure 13) to further add some new info regarding the relationship between heatwaves and their drivers
and we consider this is a new way to study this kind of relationship.

Therefore, all the changes need to be made, in order to the paper goes for a second round of revision.

R: In the revised version of the manuscript we have tried to take into account all the aforementioned
suggestions and modified the text and figure following the reviewer’s suggestions/comments.



Reviewer 3

The manuscript does not have enough scientific merit to be published in the journal. It does not provide
significantly new information which go beyond the current state of the art. It is descriptive and does not
add new elements in current understanding of compound extremes in the area. Further a few parts are
inconsistent and also not scientifically sound. Thus, | suggest rejection. A detailed review is provided
below.

R: We do not agree with these comments. For sure there is room for improvement of the manuscript and
we thank the reviewers for helping us in this respect, but we do not agree that our manuscript does not
provide significantly new information which go beyond the current state of the art. We are going to
support our argument by answering point by point the reviewer’s comment below.

The title is misleading as it only deals with Romania, not Eastern Europe.

R: The title has been changed to reflect the analyzed region. More specifically the new title is: Hotspots
for warm and dry summers in Romania.

The abstract mentions that compound extremes are considered. However, it only reports on changes in
extreme temperature and precipitation/drought separately. There is a lot of methodological papers out in
the literature that deal with compound extremes, how they are modelled using sophisticated methods.

R: We disagree with this comment. Both changes in temperature and precipitation are analyzed
individually and also combined (see Section 3.3). Our aim was to analyze if there are any changes in the
joint frequency of warm and dry spells, and this has been analyzed in detail in Section 3.3.

Nevertheless, in the revised version of the manuscript we have improved the methodology for computing
the compound events. In this respect, in the revised version of the manuscript we have included lagged
and in-phase correlation maps between the two indices (SPEI and HWDI) to be able to better argue why
the combination of different months in defining the compound events (see Figure 8 in the revised version
of the manuscript). Moreover in the revised version of the manuscript we have included also conditional
probability maps for the two analyzed indices (see Figure 9 in the revised version of the manuscript).

Introduction: There is a lot of literature that deals with extremes in southeastern Europe, including
Romania, for instance also in the form of reviews:

Kuglitsch, F. et al. 2010: Heat Wave Changes in the Eastern Mediterranean since 1960, Geophys. Res.
Lett., 37, L04802.

Ulbrich, U. etal. 2013: Climate of the Mediterranean: synoptic patterns, temperature, precipitation, winds
and their extremes. Future Climate Projections. In: Regional Assessment of Climate Change in the
Mediterranean: A. Navarra, L. Tubiana (eds.), Springer

R: We do not really think that the suggested papers are state of the art papers regarding the occurrence
of extreme events over Romania. The papers indicated by the reviewer are rather old and do just a
superficial analysis of the extreme events in Romania. For example the paper of Kuglitch et al., 2010
focuses on a period between 1960 - 2006. From a temporal point of view this is rather old, and new



analysis is always indicated, especially due to the fact that most of the extreme years in term of extreme
temperature and precipitation have occurred over the last 20 years. Moreover, in the aforementioned
study a limited number of station covering Romania are used, which do not really give a proper overview
of the complex climatology of the country. Moreover, the aforementioned comment of the reviewer
implies more or less that scientist should stop doing regional studies, just because there are continental
and/or global studies. Below please find just some recent papers which are dealing with regional and
event based studies (this are the most recent ones just to give some examples):

Bakke, S. J., lonita, M. and Tallaksen, L. M.: The 2018 northern European hydrological drought and its
drivers in a historical perspective, Hydrol. Earth Syst. Sci., 24(11), 5621-5653, doi:10.5194/hess-
24-5621-2020, 2020.

Duchez, A., Frajka-Williams, E., Josey, S. A., Evans, D. G., Grist, J. P., Marsh, R., McCarthy, G. D.,
Sinha, B., Berry, D. I. and Hirschi, J. J. M.: Drivers of exceptionally cold North Atlantic Ocean
temperatures and their link to the 2015 European heat wave, Environ. Res. Lett., 11(7),
doi:10.1088/1748-9326/11/7/074004, 2016.

Marengo, J. A., Ambrizzi, T., Barreto, N., Cunha, A. P., Ramos, A. M., Skansi, M., Molina Carpio, J.
and Salinas, R.: The heat wave of October 2020 in central South America, Int. J. Climatol.,
n/a(n/a), doi:https://doi.org/10.1002/joc.7365, n.d.

McCarthy, M., Christidis, N., Dunstone, N., Fereday, D., Kay, G., Klein-Tank, A., Lowe, J., Petch, J.,
Scaife, A. and Stott, P.: Drivers of the UK summer heatwave of 2018, Weather, 74(11), 390-396,
doi:https://doi.org/10.1002/wea.3628, 2019.

Overland, J. E. and Wang, M.: The 2020 Siberian heat wave, Int. J. Climatol., 41(S1), E2341-E2346,
doi:https://doi.org/10.1002/joc.6850, 2021.

Sinclair, V. A., Mikkola, J., Rantanen, M. and Réiséanen, J.: The summer 2018 heatwave in Finland,
Weather, 74(11), 403-409, doi:https://doi.org/10.1002/wea.3525, 20109.

Vautard, R., Boucher, O., Geert, P. ), Van Oldenborgh, J., Otto, F., Haustein, K., Vogel, M. M.,
Seneviratne, S. I., Soubeyroux, J.-M., Schneider, M. and Drouin, A.: Human contribution to the
record-breaking July 2019 heat wave in Western Europe, , (July) [online] Available from:
https://public.wmo.int/en/media/news/july-heatwave-has-multiple-impacts, 2019.

de Villiers, M. P.: Europe extreme heat 22—-26 July 2019: was it caused by subsidence or advection?,
Weather, 75(8), 228-235, doi:https://doi.org/10.1002/wea.3717, 2020.

Xu, P., Wang, L., Liu, Y., Chen, W. and Huang, P.: The record-breaking heat wave of June 2019 in
Central Europe, Atmos. Sci. Lett., 21(4), €964, doi:https://doi.org/10.1002/asl.964, 2020.

The introduction does not provide a clear justification why this work is needed, does not show gaps in
current understanding and does not formulate a clear hypothesis.

R: In the revised version of the manuscript we have improved to improve the introduction part in order
to make the justification of the paper more clear.

The choice of more than 5 days defining a heatwave is not objectively based (lines 109/110). My
suggestion would be to consult the latest literature that deal with more objective measures how heatwaves
are defined.

R: Our choice of 5 days was based on the recommended thresholds for the regions surrounding Romania.
Moreover, we also followed the recommendations of the Expert Team on Climate Change Detection and
Indices (ETCCDI).



Heatwave results reported (lines 149-150, 4 to 5 days) are in disagreement with the definition provided
in lines 109/110 that state more than 5 days.

R: In the respective line we speak about an average at country level, meaning that the number is an
average over a certain number of grid points. Some grid points might fulfil the heatwave criteria, some
not, thus when you average them you will get a number averaged over a large region.

Lines 160/161, there is an overlap of having the year 1970 in both periods. In addition, the period 1970-
1985 has a different length compared to others that makes the comparison difficult.

R: Here we compared periods with different characteristic. Is not our choice that the period 1971 —1985
is HW free. We have tried just to comment what was captured by Figure 2.

SP1 is not the most appropriate measure for drought. For the area, SPEI is a better index that combines
temperature and precipitation.

R: In the revised version of the manuscript we have replaced the SPI1 with SPEI and the text and the
results have been described accordingly.

For a review please consult Raible et al. (2017): Drought indices revisited — improving and testing of
drought indices in a simulation of the last two millennia for Europe, Tellus A: Dynamic Meteorology
and Oceanography, 69, 1287492.

R: We do not think that this paper is actually relevant for giving a clear suggestion which index is optimal,
mainly because it’s a modeling study and most of the models have issues in properly represent the
potential evapotranspiration which is an essential component in computing SPEI. We think the choice of
the drought index should reflect what the authors want to analyze. Out aim was to analyze changes in
extreme temperature and extreme precipitation and we have tried to identify the proper indices to do so.
A more indicate paper in this respect would be Stagge et al., 2017. Based on the analysis of Stagge et
al.(2017) there are no significant difference between SPEI and SPI over our analyzed region (Figure 2¢
in their paper). Nevertheless, following the suggestions of all the reviewers involved in the review
process of our manuscript in the revised version replaced the SPI with SPEI and the text and the results
have been described accordingly.

The comparison between EOBs and ROCADA does not provide new evidence, it could be skipped and
the analysis could be concentrated on EOBs.

R: We have added also the results of ROCADA dataset mainly because in previous studies we got
complains that EOBS might not be suitable to make studies in Romania. But in the revised version of the
manuscript have to removed the information and figures regarding the ROCADA dataset.

Sentence on lines 122-123 is not clear.

R: The text has been removed from the revised version of our manuscript.

The manuscript states at various places “statistical significant” changes. However, no information on the

underlying statistics to test significance is provided. A few maps show significant areas related to trends,
however it is missing how those regions are calculated.



R: This was a misfortune form our part. In the revised version of the manuscript we have added in the
Methodology part all the statistical test sand the associated references.

Further, the synoptical maps do not have a field significance information and thus they are difficult to
interpret.

R: The anomaly maps for the case studies cannot have a significance field because it is just a snapshot
for one event in time, thus we cannot perform any statistical significance.

For the composite maps the significance of the anomalies is actually plotted in the figures (see Figures
13 and 14 for example). Again it was a misfortune from our side that we did not write that clearly in the
figure caption.

Further, the maps are not unexpected and the processes that lead to drought or heat extremes are well
documented in the literature elsewhere.

R: We really disagree with this comment. The fact that processes that lead to drought/heatwaves are well
documented in literature, does not mean that scientist should stop doing this kind of research. Each region
has it’s own particularities. Yes, of course a heat wave will most probably be driven by a blocking system,
but this doesn’t mean that we have fixed and fully closed the issue of analyzing drivers of extreme events.
Again, it seems to be a very accepted approach for most of the already published studies, but for the
current study doesn’t seem to be accepted. Moreover, we have added also the stability maps in our
manuscript (Figure 13) to further add some new info regarding the relationship between heatwaves and
their drivers and we consider this is a new way to study this kind of relationship. Thus, we think this
comment does not really reflect the findings and analysis from our manuscript.

The conclusions include information from the introduction and duplicate the results. As such, a lot of
information is irrelevant and the last paragraph is not a conclusion from the analysis shown.

R: The has been be modified, improved and adjusted to the new figures which have been produced
throughout the review process.



Reviewer 4
General comment

The authors present a comprehensive analysis regarding the spatial-temporal variability of hot and dry
summer in Romania, as well as their combined effect (compound events) that can be considered a novelty
for this region. Various characteristics of the heat waves (duration, spatial extent and frequency) and
drought index (represented by the standardized precipitation index) have been analysed in terms of their
long term trends, decadal variability and driving factor triggering their occurrence. The title “Hotspots
for warm and dry summers in eastern Europe, with a focus on Romania” is not fit very well with the
analysis carried out in this article that is done only for Romania and can not be extended over the entire
eastern Europe. Therefore, the title could be changed. Same comment for the title of the sections (3.1,
3.2,....).

R: Thank you for your constructive evaluation of our study. In the revised version of the manuscript
we will consider all comments and suggestions and we will improved the manuscript accordingly (see
detailed responses below). Moreover, the title of the manuscript and the sub-sections have been
modified to properly reflect the analyzed region.

The manuscript represent a substantial contribution to the understanding of large-scale mechanisms
controlling the variability of extreme clime events (heatwaves and droughts) in a region with complex
topographic features such as Romania. The scientific approaches and the applied methods are valid at
international standards. The results are discussed in an appropriate and balanced way, including
appropriate references. The tables and figures are appropriate to present the results. The conclusions are
clear presented and supported by the obtained results.

Considering all these aspects, the manuscript can be published with some minor corrections presented in
my specific comments and technical corrections.

R: Once again we than the reviewer for taking time to review our manuscript and for the kind words.
Specific comments

1) Pag 13, L429, “in the eastern part of Europe” should be completed with “focusing on Romania” since
the heatwaves have been analyzed only over Romania.

R: The text has been modified as suggested.

2) Pag 13, L431-432: The conclusion “i) the length, spatial extent and frequency of HWs in Romania has
increased significantly over the last 70 years, for all summer month” is not entirely true; there is a strong
decadal variability with a slight decreasing before ‘70 years (a correct change point could be find by
using the Pettit test) and a real (accelerated) increase after 1990. I) and ii) could be combined. This is
also in agreement with the author’s comments presented in sections 3.1.

R: Modified as suggested.

3) Pag 13, L438-439, “A significant increase in the frequency of hot extremes has been found at country
level, with the most affected regions being in the north-western part and the Dobrogea region (Figure



4)”. As I see in Fig. 4, this conclusion is true only on seasonal scale (JJA) and the most affected regions
are more extended than those mentioned by the authors. There are differences between the individual
months: for example, in July, only a small part (eastern regions and some very small south-western areas)
exhibit significant trends. In Table S1 is not clear if the trend is computed for the time series of spatial
average over the country. This should be clear mentioned.

R: In the revised version of the manuscript we have describe each month/season separately to make the
text and the information clear. In Table S1 we have computed the trend based on the index averaged at

country level. We are going to re-write the caption of the table to reflect clear what kind of data are used
to compute the trends.

bR EN1Y

4) Pag 13, L459, “The occurrence of HWs in the eastern part of Europe”, “ the eastern part of Europe”
should be replaced by “Romania”, see also my previous comments

R: The text has been modified as suggested.

Technical corrections

- Pag3, L86 “to determined” change in “to determine”

- Pag4, L111-112 “values < 17, insert “SPII after “1-month”
- Pag 5, L158, change “two centuries” with “two decades”.

- Pag 7, L.233, replace “Europe” with “Romania”.

- Pag 12, L414: “August 2015 is also the month with the longest July heatwave (Figure 2¢)” something
is not correct here: .”July heatwave (Figure 2c)” should be replaced by “August heatwave (Fig. 2e)”

- Pag 12, 1417, “periods (i.e. 1950 —200”: 1950 — 200 should be replaced by 1950-2020.
- Pag 12, L427: I think that “To extended the overview also” should be replaced by “To extend....”

- Pag 13, L429, “in the eastern part of Europe” should be completed with “focusing on Romania” since
the heatwaves have been analysed only over Romania.

- Pag 14, L475, “IPP report (IPCC, 2021)”, IPP should be replaced by IPCC.

- References: please check all references, there are some duplications in the authors’ list: example,
Badaluta, C.-A., Persoiu, A., lonita, M., Nagavciuc, V., Bistricean, P.-1. P.-l., Persoiu, A., lonita, M.,
Nagavciuc, V. and Bistricean, P.-1. P.-1.: Stable H and O isotope-based investigation of moisture sources
and their role in river and groundwater recharge in the NE Carpathian Mountains, East-Central Europe,
Isot. Environ. Heal. Stud., 55(2), 1-18,......

R: All the aforementioned technical corrections have been implemented in the revised version of the
manuscript.
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Abstract

The combined effect of hot and dry extremes can have disastrous consequences for the society, economy, and the environment.
While a significant number of studies have been conducted regarding the variability of the individual hot or dry extremes in
Romania, the evaluation of the combined effect of these extremes (e.g. compound effect) is still lacking for this region. Thus,
in this study, we have assessed the spatio-temporal variability and trends of hot and dry summers in Romania, between 1950
and 2020 and we have analyzed the relationship between the frequency of hot summers and the prevailing large-scale
atmospheric circulation. The length, spatial extent, and frequency of Heat Waves (HWSs) in Romania present decadal
variations, the rate of increase being accelerated after the 1990’s. The smallest number of HWs was observed between 1970
and 1985, while the highest number of HWs has been recorded over the last two decades (i.e. 2001 — 2020). The hottest years,
in terms of heatwave duration and frequency, were 2007, 2012, 2015, and 2019. One of the key drivers of hot summers, over
our analyzed region, is the prevailing large-scale circulation, featuring an anticyclonic circulation over the central and eastern
parts of Europe and enhanced atmospheric blocking activity associated with positive temperature anomalies underneath. The
results from this study can help improve our understanding of the spatio-temporal variability of hot and dry summers over

Romania, as well as their driving mechanisms which might lead to a better predictability of these extreme events in the region.
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1 Introduction

According to the recently published ARG report (IPCC, 2021): “It is virtually certain that there has been increases in the
intensity and duration of heatwaves and the number of heatwave days at the global scale”. This tendency has been clearly
observed, especially over the last two decades, when a significant increase in the frequency of hot summers has been observed
(Feng et al., 2020; Raymond et al., 2020; Seneviratne et al., 2012; Zscheischler et al., 2018). Moreover, one of the main
conclusions of the recently published IPCC ARG report (IPCC, 2021) was that “future heatwaves will last longer and have
higher temperatures”. In this report (and the references therein) it has been shown that on a global scale there is clear evidence
of an increase in the number of warm nights and days and a decrease in the number of cold nights and days (IPCC, 2021).
Overall, the frequency of warm days (TX90p) has increased globally with small exceptions in the southern part of South
America (IPCC, 2021; Rusticucci et al., 2017). Over Europe, an increase in the magnitude and frequency of high maximum
temperatures has been observed over central (Lorenz et al., 2019; Tomczyk and Bednorz, 2016; Twardosz and Kossowska-
Cezak, 2013) and the southern-eastern part of Europe (Christidis et al., 2015; Croitoru et al., 2016a; Croitoru and Piticar,
2013; Fioravanti et al., 2016; Malinovic-Milicevic et al., 2016).

Over different regions of the world, hot summers are usually accompanied by extremely dry conditions, leading to the
development of the so-called “compound events” (Feng et al., 2020; Geirinhas et al., 2021; Leonard et al., 2014; Ridder et
al., 2020; Russo et al., 2019). These compound events have the tendency to occur at the same time or in sequence, leading to
devastating consequences for the society, economy, and environment (Raymond et al., 2020; Zscheischler and Seneviratne,
2017). Heatwaves and droughts fall into the category of climate related hazards which affect more and more frequently socio-
economic activity, often having serious repercussions on humans and the environment (IPCC, 2021). Thus, in the context of
the ongoing climate change, the study of heatwaves and droughts and the analysis of the large-scale circulation patterns which
favor their occurrence is of increasing interest (Feng et al., 2020; Geirinhas et al., 2021; lonita et al., 2021a; Kong et al., 2020;
Russo et al., 2019).

Several studies have suggested that due to global warming the large-scale atmospheric circulation has been altered both
regionally and globally (Horton et al., 2015; Vaideanu et al., 2020). Any perturbance in the large-scale atmospheric circulation
will also lead to changes in the hydroclimate, due to the fact that the atmospheric circulation plays a crucial role in the global
and regional hydroclimatic variability (lonita et al., 2020; Kingston et al., 2006, 2015; Schubert et al., 2016). Changes in
temperature and precipitation have been found to be a direct response to changes in the large-scale atmospheric circulation
patterns (e.g. an increase in the frequency of blocking conditions or an intensification of the westerlies) (Horton et al., 2015;
Rimbu et al., 2014; Swain et al., 2016). For example, one key driver of the European hydroclimate variability is the prevalence
of long-lasting high-pressure systems (also known as atmospheric blocking) (Bakke et al., 2020a; Barriopedro et al., 2011;
lonita et al., 2021b; Kautz et al., 2021; Rimbu et al., 2014; Schubert et al., 2014). These long-lasting high-pressure systems
have a significant impact on different types of extreme events such as heatwaves (Barriopedro et al., 2011; Della-Marta et al.,
2007; Laaha et al., 2017), cold spells (Jeong et al., 2021; Rimbu et al., 2014), droughts (lonita et al., 2012; Kingston et al.,
2015; Schubert et al., 2016) and floods (Grams et al., 2014; Najibi et al., 2019). Thus, it is essential to study the relationship
between the changes in the magnitude and frequency of extreme events and their large-scale drivers, in order to have a better

overview of the physical mechanisms leading to the occurrence of these extreme events.
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In terms of exposure and vulnerability to such climate-related risks (e.g. heatwaves and droughts), Romania is particularly
prone, both due to its geographical position, as well as the topographic features, which give it a very special status in relation
to the manifestations of the weather (Croitoru and Piticar, 2013; Micu et al., 2021; Sfica et al., 2017). The existence of the
Black Sea and, especially, the concentric distribution (i.e. "in the amphitheater") of the Carpathian Mountains (Figure 1),
induce a series of peculiarities in the prevailing climatic conditions that are also reflected in the thermal regime mediated at
the scale of different regions of the country. Moreover, the evolution of the weather in Romania depends strongly on the
degree of exposure to alternating, often rapid, types of air masses passing the country (e.g. continental, tropical, maritime, or
polar) (Badaluta et al., 2019; Busuioc et al., 2010, 2015; Tomozeiu et al., 2005).

At country scale, different studies have analyzed the potential changes in the frequency of HWs, either by using observational
records (e.g. station data) or gridded datasets (Croitoru et al., 2016b; Croitoru and Piticar, 2013; Hustiu, 2016; Micu et al.,
2021; Sfica et al., 2017). In their paper, Sfica et al. (2017) have analyzed the synoptic conditions which lead to the occurrence
of heatwaves in Romania, over the period 1961 — 2015. By analyzing 111 HW events they found that there are two major
types of weather patterns associated with HW occurrence, namely positive or neutral sea level pressure anomalies and
persistent ridges, over the analyzed region. Over the same period (i.e. 1961 — 2015), Croitoru et al. (2016) found that the
frequency of heatwaves, defined based on the daily maximum temperature, shows a significant increasing trend, throughout
the country. Looking at a more regional scale, Croitoru and Piticar (2013) have shown that there is an increasing trend in the
frequency of heatwave events over the extra-Carpathian regions of Romania (i.e. the eastern and southern part of the country)
and that the daily maximum temperature is getting more extreme compared to the daily minimum temperature. Over the
eastern part of the country, Hustiu (2016) has shown that the annual frequency of heatwave events features an increasing trend
over the period 1961 — 2013, while in a more recent study, Micu et al. (2021) have shown that the southern part of the
Carpathian Mountains is facing a significant warming trend. All the aforementioned studies are either limited in time or are
very regional (Croitoru and Piticar, 2013; Hustiu, 2016; Sfica et al., 2017; Spinoni et al., 2015) and they were mainly focused
on the analysis of trends in the heatwave frequency. To our knowledge no in-depth analysis, for this region, has been made
regarding the variability and trend for compound events (e.g. hot and dry summers). Moreover, taking into account that the
frequency of extreme events (e.g. heatwaves, cold spells, drought, and floods) is projected to increase in the future (IPCC,
2021) it is imperative to also understand the physical process forcing the increase in the frequency and magnitude of these
events in order to improve their predictability. Tacking into account the aforementioned limitations, the current paper is
focused on two main objectives: i) to analyze the trends and the spatio-temporal variability of both hot and dry summers in
Romania, as well as their combined effect (e.g. compound events) and ii) to determined the large-scale circulation patterns
which trigger the occurrence of hot summers over the analyzed region, by analyzing the geopotential height conditions and
the frequency of atmospheric blocking during the periods characterized by a high frequency of hot days. Our study extends
over the period 1951 — 2020, making it the most extensive study, from a temporal point of view, over Romania. The paper is
structured as follow: in Section 2 we give a detailed description of the data and methods used in this study; in Section 3 we

show the main results of our analysis, while the main conclusions are presented in Section 4.
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2 Data and methods

Globally, heatwaves are recognized either by utilizing a threshold-based methodology (Perkins and Alexander, 2013) or by
using the exceedance of a fixed absolute value (e.g. daily maximum temperature > 30°C) (Robinson, 2001). In general, the
method based on fixed thresholds takes into account periods of consecutive days when the daily maximum temperature (Tx)
is above a certain percentile for a particular calendar day. In this study, we have used the 90th percentile, based on a 15-day
window centered on each calendar day (Perkins and Alexander, 2013). For the duration, we have tested different lengths of
3, 4, 5, and 6 consecutive days (not shown), and for the current analysis we have chosen a period of 5 days. This threshold
has been chosen in such a way to ensure enough heat wave events to be considered, but also to remove small events and also
this is a threshold which is recommended by the Expert Team on Climate Change Detection and Indices (ETCCDI). The
mean daily 90™ percentile was calculated over the baseline period 1971 — 2000. The daily maximum temperature used in this
study was extracted from the E-OBSv23.1e data set (Cornes et al., 2018). Here, the heatwave duration index (HWDI) is
defined as the number of days per month/season when the afore-mentioned criteria were satisfied, while the number of heat
waves (HW) is defined as the number of heatwaves per month/season. The temporal evolution of the HWDI for each summer
month (i.e. June, July, and August) as well as for the whole summer season (JJA), for all considered lengths (i.e. 3, 4, 5 and
6 days, not shown), indicate a strong interannual variability and relatively significant decadal differences. As expected, the
smaller the length of the threshold, the longer the heatwave. Globally, different duration thresholds have been employed,
depending on the analyzed regions. For example, in Canada, a duration threshold >2 days has been used (Smoyer-Tomic et
al., 2003), in Hungary and France a duration threshold >3 days has been considered (Rey et al., 2007), while in China and
Ukraine a duration threshold > 5days has been used (Chen and Li, 2017; Shevchenko et al., 2014). In the eastern part of
Europe (e.g. Bulgaria), a duration threshold >3 days has been found useful (Gocheva et al., 2006). Since Romania is situated
in the eastern part of Europe, where a threshold > 5 or 6 days has been tested and because we want to analyze only extreme

heatwaves in this study, the rest of the analysis is focused on a threshold >5 days.

The hydroclimatic conditions, with a special focus on the drouth component are defined by considering the 1- month and 3-
month Standardized Precipitation Evapotranspiration Index (SPEI) (Vicente-Serrano et al., 2010). For this analysis, we used
the June, July, and August SPEIL index and the August SPEI3 index, which integrates the drought conditions over the whole
summer months (i.e. June-July-August). The SPEI index was computed based on the precipitation (PP) and the Potential
Evapotranspiration (PET) data extracted was extracted from the E-OBS v23.0e data set, with a spatial resolution of 0.1° x
0.1° and a temporal resolution covering the period 1950 — 2020. The computation of SPEI is based on the probability
distribution of the difference between PP and PET (PP - PET) and the data is normalized into a log-logistic probability
distribution. The potential evapotranspiration data was computed by employing the Penman — Monteith equation
(\Vanderlinden et al., 2008). The advantage of using SPEI is that it is standardized on a given period and a predefined
distribution. Therefore, each SPEI value corresponds to a predefined probability. Here, we choose the threshold of -1 meaning
that all occurrences of SPEI below the threshold would be considered as drought. This threshold generally corresponds to a
moderate to extreme drought event. Taking into account our definition HW and drought, a compound hot and dry (CHD)
event is defined as a combined index when a heat wave episode occurs during a period of drought conditions (e.g. August
SPEI3 <-1). This definition has also been used successfully for other regions (Geirinhas et al., 2021; lonita et al., 2021a; Russo
etal., 2019).
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To analyze the large-scale driving mechanism of heatwaves, we use the daily temperature at 850mb level (TT850), the daily
geopotential height at 500mb level (Z500), the vertical integral of eastward and northward water vapor flux, as well as the
daily zonal and meridional wind at 500mb level. These datasets have been extracted from the ERA5 reanalysis project
(Hersbach et al., 2020), and have a spatial resolution of 0.25° x 0.25¢, covering the 1950-2020 period. We also used two-
dimensional (2D) atmospheric blocking index defined by (Scherrer et al., 2006). To compute the 2-D blocking index, we have
used the daily geopotential height at 500mb obtained from the ERA5 reanalysis project (Hersbach et al., 2020) for the
period1950- 2020. The spatial resolution of the used data is 0.25° x 0.25°.. The 2-D blocking index is an extension of the
one-dimensional (1-D) Tibaldi-Molteni (TM) index (Tibaldi and Molteni, 1990) to a two-dimensional map of blocking
frequencies at every grid point. The southern geopotential height gradient (GHGS) and the northern geopotential height

gradient (GHGN) for each grid point are evaluated as follows:

GHGS = (Z($0) — Z(do — 15%))/15°

GHGN = (Z(¢o + 15°) — Z(0))/15°

where is the latitude of the considered grid point varying from 35°N to 75°. For each month we have calculated the ratio
between the number of days when a certain grid point was blocked, i.e. the conditions GHGS > 0 and GHGN < (-10m/°.lat)

are simultaneously satisfied for at least five consecutive days.

The extremeness of the July 2012, August 2015 and Jun 2019 heatwaves, was analyzed by employing the ranking maps
methodology (Bakke et al., 2020b; lonita et al., 2017). In this respect, we have computed the TX90 for the 70-year period
(1951-2020), and for each analyzed month (i.e. June, July and August) the years were ordered from the most extreme (highest
temperature) to the least extreme value. A rank of 1 implies record-breaking high temperature (in the case of TX90), a rank

of 2 indicates that the respective month had the second most extreme value, etc.

The physical mechanism behind the occurrence of heatwaves was identified by computed composite maps instead of the
correlation maps, in order to avoid nonlinearities in the analyzed data. The composite maps were constructed for years when
the total AREA affected by HW was higher than 20% at country level. We selected this threshold to capture the strength of
the climate anomalies associated with monthly HW conditions and the number of maps satisfying this criterion. Performed
analysis has shown that the results are not sensitive to the exact threshold value used for our composite analysis (hot shown).
The significance of the composite maps is based on a standard t-test (confidence level 95 %). To test the spatial-temporal
stability of the relationship between the HWDI and the large-scale atmospheric circulation we also make use of stability maps,
a methodology successfully applied in the seasonal forecast of the European rivers and Arctic sea ice (lonita et al., 2008,
2019) In order to detect stable predictors, the variability of the correlation between the HWDI time series and the gridded data
is investigated within a 31-year moving window over the period 1950 - 2020. The correlation is considered stable for those
regions where the HWDI index and the gridded data (i.e. Z500) are significantly correlated at the 95%, 90%, 85% or 80%
level for more than 80% of the 31-year moving windows. A detailed description of this methodology is given in the

aforementioned papers.
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The trend analysis was performed by using the Mann-Kendall test (Mann, 1945). The Mann—Kendall test has been intensively
used to identify the trend in the hydrometeorological time series (Adamowski et al., 2009; Dang et al., 2020 and the references
therein). In order to identify trends of auto-correlated climatic time series we used a modified version of the Mann—Kendall
test performed (Hamed and Ramachandra Rao, 1998). In the new version of the test, the significance of a trend is determined
by the Z statistic that has a normal distribution with a mean of 0 and variance of 1. A positive Z value indicates an increasing
trend, whereas a negative Z value shows a decreasing trend in the time series. The non-parametric Sen's slop method (Sen,

1968) was used to evaluate the magnitude of the trends.

3 Results

3.1 Summer heat waves in Romania: variability and trends

The heatwave duration index (HWDI) averaged at the country level and the fraction of the country affected by a heatwave
(AREA) are shown in Figure 2. This figure reveals that there is strong interannual and decadal variability throughout all
summer months (Figure 2- left column). For June, there is a statistically significant increase in both HWDI (Figure 2a and
Table S1) and AREA (Figure 2b), with a much higher frequency of both after the beginning of the 1990’s. The longest
heatwave was recorded in June 2019 and lasted 10 days, and more than 90% of the country was affected. Until the beginning
of the 1990°s there were relatively few HWSs, most o them observed between 1960 and 1970, but their duration was much
smaller compared to the events recorded from 2000 onwards. Also, in terms of the affected area, after 1990’s most of the
heatwaves had a larger spatial extent, with an area covered by a HW of more than 80% in1996, 2002, 2003, 2010, 2012, and
2019, respectively.

As in the case of June, for July we observe also a statistically significant increase both in the HWDI (Figure 2c and Table S1)
and the AREA (Figure 2d). At the beginning of the analyzed period (i.e. 1950 — 1960), there were heatwave events lasting on
average 4 — 5 days (when averaged at country level) and covering an area up to 80%. Between 1970 and 1985 no HWs were
recorded throughout the country. After 1985 there is a steep increase in the duration of the HWs, with the longest HWSs in
July 2007 and 2012, when the whole country was affected (i.e. AREA = 100%). Years 1987, 2002, 2007, 2012, and 2015
have been characterized by HWSs with a spatial coverage of more than 80% (Figure 2d). For August, the temporal evolution
of HWDI (Figure 2e) and AREA (Figure 2f) follows the same path as June and July, meaning a significantly increasing trend
in both the duration and AREA (Table S1). Over the period 1964 — 1988 no HWs has been recorded in August, while most
of the longest and extended HWs were recorded in the last two decades of the analyzed period. The longest HW recorded in
August was in 2015, followed by 2012, 1992, and 1952. In 1992, 2012, and 2015 the area covered by HWs was higher than
90% (Figure 2f). For all analyzed months, the HWs recorded in the last two decades were both longer and had a higher spatial
extent. If we analyzed the whole summer months taken together (JJA), we have a very clear picture (Figure 2g and 2h): the
period 1950 — 1970 was characterized by the occurrence of HWs with a duration varying between 3 to 10 days, averaged at
county level, and a spatial extent between 20% up to 80%, followed by a relatively HW free period between 1971 and 1985.
After this period there was a significant increase in the duration of the HWs and most of them reached a spatial extent of more
than 50%, especially over the last two decades (i.e. 2001 — 2020).
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Since the number of HWs per year is small, especially in the first half of analyzed period (i.e. 1951 — 1985), we have
aggregated the number of heatwaves in decades, to be able to analyze the spatio-temporal changes in their occurrence. We
have performed the decadal analysis for each summer month separately (Figure S1, S2, and S3) and for the whole summer
season (JJA) as a whole (Figure 3). We focused our analysis in his way, to have an equal number of months/decade and also
to provide decadal evolution of HWs hotspot, at country level. The first analyzed decade is 1951 — 1960, followed by 1961 —
1970, and so on until 2011 — 2020. Figure 3 shows that the geographical distribution of the number of HWs/decade summed
over the summer months. Overall, there is an increased variability among different regions of the country depending on the
analyzed decades. Over the decade 1951 — 1960 up to 24 HWs/decade have been recorded in the south-eastern part of the
country (i.e. the Dobrogea region), while in the north-west part of the country up to 10 HWs/decade have been recorded
(Figure 3a). Over the decade 1961 — 1970 HWSs up to 8 HWs/decade have been recorded mainly in the Intra-Carpathian region
(i.e. the north-west part of the country) (Figure 3b). The decade 1971 — 1980 was almost HWs free (Figure 3c), while for the
decade 1981 — 1990 there were less than 2 HWs/decade at country level (Figure3d). Starting with the decade 1991 — 2000 the
number of summer HWs started to increase all over the country (Figure 3e). During the 2001 — 2010 decade, the HW hotspots
developed in the western part of the country and the Doborgea region (i.e. south-eastern part of the country) (Figure 3f). Over
the decade 2011 — 2020, there were up to 24 HWs/decade, the most affected areas being the north-western, inside the
Carpathian Chain, and the south-eastern part of the country (Figure 3g). Overall, there was up to 6 times more HWSs in the

last decade compared to the HWSs at the beginning of the analyzed period.

When looking at the decadal distribution of HWSs hotspots for each summer month separately, there are some clear differences,
especially at the beginning of the analyzed period (Figure S1, S2, and S3). Over the decade 1951 — 1960, there were up to 5
HWs/decade in July (Figure S2a) and August (Figure S3a), focused in the north-western part of the country and the most
south-eastern corner of the country. In June, a limited number of HWSs have been recorded in this decade (~2 HWSs/decade)
over the eastern part of the country (Figure S1a). The decade 1961 — 1970 was characterized by up to 4 HWs/decade in June,
over the north and north-western part of the country (Figure S1b), while in July (Figure S2b) and August (Figure S3b) 1
HW/decade was recorded in the western part of the country. The decade 1971 — 1980 was HW free in July (Figure S2c) and
August (Figure S3c), while in June there were ~1 HW/decade over a small part of the country (Figure S1c). The decade 1981
— 1990 was characterized by up to 2HWs/decade, at country level, in July (Figure S2d) and August (Figure S3d). Starting
with the 1991 — 2000 decade, the number of HWs/decade starts to increase at the country level, the most affected months
being June (Figure Sle - 1g) and August (Figure S3e - 3g). Over the decade 2001 — 2010 there were up to 7 HWs/decade
recorded in the south and south-eastern part of the country in June (Figure S1f), up to 6 HWSs/decade in the western part of
the country and the Dobrogea region, in July (Figure S2f) and up to 10 HWs/decade in August, with a focus on the Dobrogea
region (Figure S3f). For the last decade (i.e. 2011 — 2020) the number of HWSs/decade has increased in all months, but their
spatial distribution differs. In June (Figure S1g), the highest number of HWs/decade was recorded over the north-western part
of the country (up to 10 HWSs/decade) and over the Doborgea region. In July, the HWs hotspots are over the northern and
eastern part of the country (Figure S2g), while in August there is a homogenous distribution of up to 10HWSs/decade,

throughout the country (Figure S3g).

From the decadal analysis of the number of HWs, we can clearly state that the decade 2011 — 2020 was characterized by a

significant increase in the number of HWs compared to the previous decade, this increase being the strongest in August. There
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are preferred hotspots for the HWs occurrence, depending on the analyzed decade and month, these hotspots being strongly
influenced by the geographical distribution of the Carpathian Mountains. The most affected regions by the HW occurrence
are the north and north-western part of the country and the Dobrogea region. Dobrogea is a region which has been subjected
to a significant increase in the mean air temperature and a significant decrease in the summer precipitation (Chelcea et al.,
2015; Pravalie et al., 2017). Overall, there is a significant increase, of ~0.2HWs/decade in June, over most parts of the country,
except some small regions in the north-eastern part (Figure 4a). In July a significant increase of ~0.1 HWs/decade can be
observed in the northern part of the country, while for the rest of the country no significant changes have been recorded
(Figure 4b). In August, there is a significant increase in the number of HWs over Romania, especially over the eastern part of
the country (~0.2 HWs/decade) (Figure4c). When we consider all summer months together, the increase in the number of
HWs is significant at the country level, with an increase of up to 0.4HWSs/decade in the eastern part of the country (Figure
4d).

3.2 Summer droughts in Romania: variability and trends

To analyze the variability and trends of drought conditions, at the country level, we performed a similar analysis like in the
previous section: we averaged the SPEI at the country level (Figure 5), we performed the decadal analysis (Figure 6), and the
trend analysis (Figure 7). The temporal evolution of June SPEI1 (Figure 5a), July SPEI1 (Figure 5c¢), August SPEI1 (Figure
5e), and August SPEI3 (Figure 5g) indicates a strong interannual variability of drought conditions, at the country level, and a
statistically significant drying trend for SPEI1 August. For June, the driest years, both in terms of amplitude (Figure 5a) and
spatial coverage (AREA, Figure 5b) were: 1950, 1968, 2003, 2006 and 2012. For July, the driest years were: 1952, 2007,
2012, and 2015 (Figure 5c), respectively. For these years, the drought conditions extended to more than 60% of the country
(Figure 5d). In August, the driest years, at the country level were recorded in 1952, 1992, 2000, 2003 and 2018 (Figure 5e),
with the drought conditions covering more than 60% of the country (Figure 5f). Moreover, in the case of August SPEI1 only
negative values have been recorded for 13 consecutive years, from 2008 until 2020. August SPEI3, which is an indicator of
drought conditions over the whole summer, indicates that the driest summer, over Romania, were: 1950, 1952, 2000, 2003,
2012, 2015 and 2018, respectively (Figure 5g). For all these summers, drought affected more than 70% of the country (Figure
5h).

The drought hotspots, at a decadal scale (Figure 6), indicate strong spatio-temporal variability between the different analyzed
decades and between different regions of the country. Over the 1951 — 1960 decade (Figure 6a), the drought hotspots (defined
as the number of months/decade when August SPEI3 <-1 for each grid point) was focused in the north-eastern part of the
country. For this period, there were up to 3 summers/decade characterized by drought conditions over these regions. For the
decade 1961 — 1970 (Figure 6b) there was a relatively limited number of dry summers (~2 dry summers/decade) throughout
the country, mostly focused on the north-western part and south part of the country, while the decade 1971 — 1980 (Figure
6¢) was drought free. For the decade 1981 — 1990 (Figure 6d), there is a rather homogenous pattern at the country level, with
up to 2(1) dry summers/decade affecting the western (eastern) part of the country. The decade 1991 — 2000 (Figure 6e)
indicates also a rather homogenous pattern of the drought conditions at country level, with up to 4 dry summers/decade in the
western part of the country and 3 dry summers/decade over the rest of the country. The decade 2001 — 2010 is characterized

by an west-east gradient in the drought conditions, with the highest number of dry years (~4) in the south-eastern part of the
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country (Figure 6f). Over the 2011 — 2020 decade, the drought hotspots are located mainly over the western part and the south-
eastern part of the country (Figure 6g). The highest number of dry summers/decade were record throughout this decade (i.e.
2011 — 2020), with up to 6 dry summers/decade over the whole western part of the country and over the south-eastern part.
Overall, the decadal spatio-temporal evolution of the drought conditions (Figure 6) indicates that drought events are not
homogenous throughout the country and that the decades with the highest number of dry summers were 1991 — 2000, 2001 -
2010 and 2011 — 2020, respectively. A similar pattern is observed when looking at the SPEI trends, both at monthly (Figure
7a-c) and seasonal time scale (Figure 7d). Overall, in June there is a non-significant drying trend over the north-western and
south-eastern parts of the country (Figure 7a and Table S2). In July there is an overall non-significant drying trend over the
south-western and south-eastern parts of the country (Figure 7b), while in August, the spatial trend pattern is rather distinct
compared to June and July, being characterized by a general drying trend at country level, but significant only over the eastern
part of the country (Figure 7¢). August SPEI3 trend, which takes into account all summer months, it’s a combination of the
features identified for each month analyzed separately: a drying trend over the whole country, but statistically significant only

over the south-eastern part of the country (i.e. Dobrogea region) (Figure 7d).

3.3 Historical evolution of compound events (e.g. warm and dry summers) in Romania

In this sub-section, we analyze the co-variability between hot and dry summers in terms of lagged and in phase spatial
correlation maps between the monthly /seasonal HWDI and monthly SPEI (Figure 8) and conditional probability maps (Figure
9). The lagged correlation maps (SPEI leading) have been computed and analyzed in order to test for possible influence of
the pre-conditions of dry springs/early summer on the occurrence of summer heat waves. To find the best combination, in
terms of compatible months for both hot and dry events, we have computed the spatial correlation maps between the monthly
SPEI with the monthly HWDI with different time-lags (e.g. SPEI leading). For example, June HWDI was correlated with
April SPEI1 and SPEI3 (not shown), May SPEI1 and SPEI3 (not shown) and June SPEI1 and SPEI3. The highest correlations,
both in terms of amplitude and spatial extent have been obtained for the combination June HWDI and June SPEI1 (Figure
8a). This finding is confirmed also by looking at the correlation coefficient, both with lag and in phase, between the HWDI
index averaged at country level (i.e. the time series in Figure 2a) and different combination the monthly SPEI averaged at
country level (Figure S4). Also, for the country-averaged time-series, the highest correlation was obtained for June HWDI
and June SPEIL. In terms of spatial extent, the highest correlations (e.g. ~0.5) have been obtained for the western and southern
part of the country (Figure 8a). Nevertheless, a significant correlation between HWDI and SPEI over these regions, does not
necessarily imply that each drought will always co-occur with a heatwave over that region or vice-versa. The conditional
probability map for June, which implies the probability of co-occurrence of both a dry (June SPEI <-1) and a hot (June HW
>1) month, indicates the most prone regions of a combined hot and dry June are the areas located in the eastern part of the
country (Figure 9a). For July, the highest correlation has been found also for the in-phase relationship (i.e. July HW and July
SPEI1) (Figure 8b). Compared to June, in July the spatial correlations between July HW and July SPEI1 are significant all
over the country, with the highest amplitudes over the extra-Carpathian regions and over small areas in the north-western part.
This dipole-like structure clearly emphasizes the influence of the Carpathian Mountains on the climate variability of Romania,
which is in agreement with previous studies over this regions which have shown that the Carpathian mountains plays a
significant role in the hydroclimatic variability of the country (e.g. (Busuioc et al., 2015; lonita, 2015)). In terms of co-

variability, the most prone regions for a combined hot and dry July are, as in the case of June, the areas located in the eastern
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part of the country (Figure 9b). In August, the highest correlations, both based on the amplitude but also from a spatial extent,
have been found between August HWs and August SPEI3 (Figure 8c and S4). The correlations between August HWSs and
August SPEI3 reached values up to -0.7 almost for the whole country, with small exceptions in the south-eastern corner of
the country. The occurrence of HWSs in August seems to be influence not only by the hydroclimatic conditions in August, but
also from the previous months. The conditional probability map (Figure 9c) indicates that hot and dry events have a higher
probability of occurrence compared to June and July and the risk of hot and dry events is distributed all over the country, with
small exceptions in the mountains areas (i.e. Apuseni Mountains and Retezat Mountains). When we look at the whole summer
months together, the highest correlations are obtained between JJA HWSs and August SPEI3. The spatial correlation map
between JJA HWs and August SPEI3, reaches values up to ~-0.8 for almost the entire country (Figure 8d) and a value of -
0.71 when we averaged at country level (Figure S4). In terms of co-variability, the most prone regions for combined hot and
dry summers, are the areas located in the eastern part of the country (Figure 9d). When considering the 1 month lag, there are
still some regions showing significant negative correlations between SPEI and HW, mainly for July HW and June SPEI1 over
the southern part of the country, and August HW and July SPEII1 over the western part of the country (not shown). Although
the lagged correlations are smaller in amplitude compared to the in-phase correlations, the lagged relationship indicates that
there might be some influence of the drought conditions on the heatwaves in the upcoming moth, especially in the case of
July and August HWs.

3.4 Extreme heatwave events in Romania and their driving factors

The analysis of the temporal variability of the HWDI and AREA (Figure 2) has emphasized some extreme HWs for each
analyzed month, both in terms of duration and spatial coverage. Thus, in this sub-section, we make a detailed analysis for the
longest HW for each month, in terms of extremeness (e.g. rank maps) and large-scale driving factors. The analysis is focused
on three distinct cases: July 2012, August 2015, and June 2019, respectively.

July 2012 was marked by persistent heat waves, which have determined extremely high temperatures at the beginning of the
month in the western part of the country, afterwards extending to all regions, but especially in the plain and plateau areas
(Figure 10a). In some regions of the country (e.g. eastern and central part) the duration of the HWs was up to 24 days. In
terms of drought, most of the country was affected by moderate to extreme drought in July 2012 (Figure 10b), with small
exceptions in the north-western part of the country. July 2012, was the hottest month on record (e.g. over the period 1950 —
2020) over most of the country (Figure 10c). In July 2012, 114 meteorological stations through the country recorded
temperatures above 35°C (Dima et al., 2016). Over the central part of the country, from the south to the north, July 2012 was
both hot and dry (Figure 10d). The peak of the heatwaves was recorded in the first week of the month (Figure S5). Starting
with the 2" of July, the atmospheric circulation was characterized by a north-easterly flow, which led to an advection of warm
air masses, generated over Russia (Figure S6). At the country level, this large-scale atmospheric pattern resulted in the
establishment of an excessive thermal regime and an increase in the number of hot days (i.e. daily temperatures > 35°C),
especially in the southern and eastern regions (Figure 10e and S5). The extreme temperatures at the peak of the July 2012
HW were driven also by positive values of the water vapor flux divergence (Figure 10f). This area of divergence in the water
vapor flux, suppressed the precipitation and made the region underneath prone to extreme temperature. Between the 7™ and
9" of July 2012, the daily maximum temperature up to 10°C was higher, compared to climatology, especially in the eastern

part of the country (Figure S5f — S5h). These excessive temperatures were driven by the persistence of a high-pressure system
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over the eastern part of Romania and the presence of an atmospheric blocking center over Fennoscandia and the western part
of Russia (contour lines in Figure S6).

The heat wave and drought event observed throughout the summer of 2015, affected a large portion of continental Europe
and was one of the most severe dry and hot summers over the observational period (lonita et al., 2017; Laaha et al., 2017;
Van Lanen et al., 2016). Record high temperatures were observed throughout the whole summer over different parts of Europe.
Extremely high temperatures already started to be recorded in June 2015 over the Iberian Peninsula, central and eastern
France, the western Alps, and Ukraine. The heatwave and drought conditions extended towards the central part of Europe in
July 2015 (lonita et al., 2017). By August 2015, the heat wave moved and continued to develop in central and eastern Europe,
including Romania. For most of the month of August 2015, Romania was under the influence of extremely high temperatures.
The first heat waves occurred between the 3™ and 16 of June (not shown). Between the 17 and 23" of August, a short relief
was observed, with temperatures below the climatological mean (not shown). The second and most intense heat waves (e.g.
in terms of the temperature anomalies) started to develop on the 24" of August reaching it’s peak at the end of the month
(Figure S7). The longest heat wave was recorded over the northern and eastern parts of the country (Figure 11a). In some
regions in the eastern part of the country, there were up to 24 days which fulfilled the HW definition. Overall, the drought
conditions in August 2015, were not as intense as in July 2012. Only the northern part of the country experienced both heat
wave and drought at the same time (Figure 11b and 11d). August 2015, was also the hottest month on record (e.g. over the
period 1950 — 2020) in the northern and north-eastern part of the country (Figure 11c). The extremely high temperatures
recorded, especially in the last week of August 2015 were mainly driven by the prevailing large-scale circulation. The two
long-lasting heatwaves in August 2015 were determined by the extension of the North African ridge over most of the European
continent (Figure 11e and Figure S8). During the peak of the second heatwave (i.e. 28.08 — 31.08.2015) the eastern part of
Europe was affected by a persistent atmospheric blocking system (contour lines in Figure S8), which was centered over
Romania and by positive values of the water vapor flux divergence (Figure 11f). The anomalous Z500 center over the eastern
part of Europe (Figure 11e and S8) and the divergent water vapor flux over Romania, suggests a dominant subsidence and
adiabatic warming, reduced cloudiness, and increased incoming solar radiation, thus leading to excessive temperatures over

the affected regions.

For the month of June, the longest and largest (in terms of spatial extent) HW event was recorded in June 2019 (Figure 2e —

2f). According to Copernicus (https://climate.copernicus.eu/surface-air-temperature-june-2019) June 2019 was the hottest

June on record both globally and for Europe, with the central and eastern Europe particularly warm throughout the whole
month. In June 2019, the north-western and south-eastern parts of Romania were the most affected regions by extreme
temperatures (Figure 12a and 12c). Record breaking temperatures were recorded in the most northern part of the country as
well as in the Dobrogea region (Figure 12c). These record breaking temperatures were corroborated with drought conditions
(Figure 12b and 12d). The eastern, central, and south-western parts of the country were less affected by extreme temperatures
(Figure 12a and 12c) and these regions were characterized by wet conditions throughout the month (Figure 12b). The
particular spatial pattern was mainly influenced by the spatial pattern of the large-scale atmospheric circulation (Figure 12e).
The atmospheric circulation at the peak of the heatwave event (Figure S9 and S10) was characterized by a persistent wave-
like pattern extending from the North Atlantic Ocean towards Eurasia (Figure 12e and S10). Positive (negative) geopotential

anomalies were observed over eastern Europe (central North Atlantic and central Siberia) corresponding to the local positive
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(negative) temperature anomalies underneath (Figure 12e and S9) ). The peak of the August 2015 HW was also associated
with positive values of the water vapor flux divergence (Figure 12f). The spatial structure of the Z500 field resembles the
classic omega blocking circulation (Figure S10 - contour lines). This pattern favors the advection of warm air from the Sahel
towards the eastern part of Europe and enhances the incoming solar radiation, leading to extremely high temperature

anomalies underneath the high-pressure system.

All analyzed extreme HWs in this section were mainly driven by the presence of a high-pressure system over the analyzed
region, during the peak of the HW event. In order to identify if the presence of a persistent high-pressure system is a necessary
ingredient for all HWs identified throughout the period 1950 — 2020, we have computed the composite maps for the years
when the HWDI index (Figure 2 — left column) was >5 days and the corresponding Z500 anomalies and the corresponding
wind vectors. We performed the analysis for each month separately (Figure 13). Due to the fact that the relationship between
the large-scale atmospheric circulation and the European hydroclimate was found to be limited due to non-stationarity issues
(lonita et al., 2020; Rimbu et al., 2004; Vicente-Serrano and Lépez-Moreno, 2008), we have computed also the stability maps
between the HWDI and the monthly Z500. The aim of the composite map analysis is to analyze the relationship between the
HWDI and the large-scale atmospheric patterns, but this methodology does not consider if the relationship between the two
variables is stationary in time or not. In order to overcome the problem of non-stationarity and to test if the identified
relationship between the HDW!I and Z500 is stable over time, we employed a methodology, namely the stability maps, used
for the monthly to seasonal prediction of the mean runoff of the Elbe River and in dendroclimatological studies (lonita et al.,
2015; Nagavciuc et al., 2019).

The June composite map of Z500 anomalies and the corresponding wind vectors for years with HWs lasting more than 5 days,
is characterized by positive Z500 anomalies over the central and eastern part of Europe and negative Z500 anomalies over the
central North Atlantic Ocean (Figure 13a). Moreover, HWSs in June, in Romania, are also associated with an increase in the
number of atmospheric blocking days, centered over the south-eastern part of Europe (Figure S14a). The spatial structure of
the Z500 anomalies, centered over the eastern part of Europe, leads to the advection of hot and dry air from the north-eastern
part of Europe. The large-scale atmospheric circulation associated with HWs over Romania, in July, is similar with the spatial
structure identified in June, both in the Z500 field (Figure S13b) as well as in the case of 2D atmospheric blocking (Figure
S14b). In August, the spatial structure of the Z500 field, associated with the occurrence of HWs over Romania, is characterized
by a wave-train like pattern of alternating 2500 anomalies, which extends from the eastern part of the U.S until Eurasia (Figure
S13c). Extreme HWSs, in August, are associated with a low pressure system over the eastern part of the U.S., followed by
positive Z500 anomalies over the western part of the central North Atlantic Ocean, negative Z500 anomalies centered over
the British Isles, and positive Z500 anomalies over the central and eastern parts of Europe. This wave-like pattern suggests a
stationary Rossby wave pattern, which is usually associated with heatwaves and droughts over the Eurasian continent (Bakke
et al., 2020a; Barriopedro et al., 2011; lonita et al., 2012; Schubert et al., 2014). As in the case of June and July, HWs in
August are also associated with an increased frequency of atmospheric blocking over the eastern part of Europe (Figure S14c).
The significant relationship between the HWDI and Z500 obtained via de composite map analysis is also confirmed by the
stability maps. June HWDI is stably and positively correlated with June Z500 over the eastern part of Europe, centered over
Romania (Figure 15a). The same pattern can be observed also when we compute the stability map between July HWDI and

July Z500 (Figure 15c¢). In the case of August, the HWDI is stable and positively correlated with Z500 over a region extended
12
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from the North Atlantic basin towards central and eastern part of Europe and negatively correlated with Z500 centered over
the British Isles and North Sea (Figure 15¢). This dipole-structure is reminiscent of the East Atlantic teleconnection pattern,
which was found to have a significant influence on the variability of temperature and precipitation over Europe, throughout
the whole year (Gao et al., 2017). Based on the monthly stability maps identified in Figure 15, we defined a Z500 index
averaged over the stable regions (black squares in Figures 15a, 15c, and 15e) to analyze the interannual variability of the Z500
over these regions in a long-term context. This analysis was motivated by the fact that it has been suggested that the Z500
over central and western part of Europe has increased recently leading to an increase in the frequency of HWs over these
regions (Porebska and Zdunek, 2013; Tomczyk and Bednorz, 2016). June Z500 index exhibits strong interannual variability
over the last 70 years, with the highest amplitudes since the beginning of 1990s (Figure 15b). Notably, the highest value of
this index was recorded in 2019, which is also the month with the longest June heatwave (Figure 2a). Over the period 1990 —
2020 there is a significant increasing trend in the June Z500 averaged over the eastern part of Europe, a trend which closely
resembles the one observed for the June HWDI (Figure 2a). The results of the trend analysis for each month and each analyzed
period are given in Table S3. As in the case of June, July Z500 index exhibits also strong interannual variability over the last
70 years and a significant increasing trend over since 1990’s onward (Figure 15d). The highest values of this index were
recorded in 1954,1987, 1988, 2007, 2012 and 2015, respectively. July 2012 is also the month with the longest July heatwave
over the analyzed period (Figure 2c). The time series of August Z500 index exhibits also strong interannual variability over
the last 70 years and a significant increasing trend over the period 1990 - 2020 (Figure 15f). The highest value of this index
was recorded in 1952, 1962, 1992, 2010, 2015, 2017 and 2019, respectively. August 2015 is also the month with the longest
August heatwave (Figure 2c). Overall, the time series of the monthly Z500 presents a strong interannual variability and a
significantly increasing trend starting with the beginning of the 1990’s, which mirrors the trends observed in the monthly
HWDI (Figure 2). For July and August, the trend of the Z500 indices is significant for both analyzed periods (i.e. 1950 — 2020
and 1990 — 2020), while for June the trend is significant only when we consider the 1990 — 2020 period (Table S3).

4 Conclusions

The main findings of this study indicate that the regional extreme temperature over Romania are following the same path as
the ones observed at continental and global scale, namely the summer temperature extremes have become more frequent and
their amplitude has increased, especially over the last two decades. The increase in the frequency and magnitude of summer
temperature extremes, over Romania, has been occurring at the same time with an overall drying trend, especially over the
eastern part of the country. However, the changes in the HWs over Romania present also a decadal/multidecadal component,
which is in agreement with previous studies at European level as well at more regional spatial scales, which have shown that
the summer temperature is strongly influenced by the Atlantic Multidecadal Oscillation (Della-Marta et al., 2007; lonita et
al., 2013). The tempeoral evolution of the HWDI time series can be regarded as a combination between multi-decadal

variability and anthropogenic induced climate change.

The length, spatial extent and frequency of HWs in Romania has increased significantly over the last 70 years, for all summer
months, with an increase of the heat wave duration of ~0.52 days/decade (in June), ~0.31 days/decade (in July) and ~0.43
days/decade (in August). After the 1990’s the rate of increase in the frequency, length and spatial extent has significantly

accelerated, reaching unprecedented length and spatial extent after 2000 until the end of the analyzed period. Overall, the
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most active decades, in terms of HWs, were 1951 - 1960, 2001 — 2010 and 2011 — 2020, while the longest and most extensive
(in term of spatial extent) HWs were observed in July 2012, August 2015 and June 2019. Over the decade 2021 -2020 there
were up to 24 HWs record thoughts the summer season. In terms of drought variability and trends, significant changes in the
drought conditions (i.e. significant drying trend) have been observed over the eastern part of the country in August for SPEI3
and July for SPEI1 and the driest decade has been over the period 2011 — 2020.

The strongest correlation between hot and dry events has been observed for an “in-phase” relationship, indicating that for our
analyzed region the soil-moisture memory does not play a significant role in the occurrence of heat waves throughout the
summer months. Overall, there is an increase probability of co-occurrence of hot and dry events in the half eastern part of the
country, especially in June and July. Although the significant correlation between SPEI and extreme temperatures throughout
concurrent month does not provide any information about the effect of antecedent drying on the occurrence of HWS, thus it
does not have a predictive skill, it does indicate a strong land-atmosphere coupling over the analyzed region. A lagged-
relationship has been observed only for 1-month lag ( SPEI leading) over the southern (in July) and western part of the country
(in August). This is in agreement with recent studies (Stegehuis et al., 2021), which have shown that the antecedent soil
moisture has a significant influence on the summer HWs especially over the western part of Europe, whereas over the eastern
part of Europe the large-scale drivers explain the occurrence of extreme temperatures. The strongest changes, in terms of
frequency and amplitude of hot and dry summers, were observed in the extra-Carpathian Mountain regions (e.g. south and
south-eastern part of Romania), mainly because the Carpathian Mountains act as a barrier for the Atlantic air masses, limiting
their oceanic influences to the western and central part of the country, which experience on average milder summers and
heavier rainfalls, while the eastern part of the country is prone to rainfall deficit and higher temperatures, due to advection of

hot and dry air either from the east or from the south.

The occurrence of HWSs in Romania has been related to anticyclonic conditions and a higher frequency of blocking situations
corroborated with daily maximum temperature anomalies up to 10°C and with water vapor flux divergence, which showed a
positive anomalous signals during hot and dry events. This is in agreement with previous study for other regions (e.g. western
part of Europe) which have shown that HWs tend to occur under the influence of anticyclonic circulation, which is conductive
to and intensification of the radiation flux and cloudless weather (Porebska and Zdunek, 2013; Tomczyk et al., 2017; Tomczyk
and Bednorz, 2016). The occurrence of HWs over the analyzed region is stably correlated with the geopotential height centered
over Romania and in the neighboring regions. The geopotential height shows also an increase amplitude after the beginning
of the 1990’s, which follows the same temporal variability as the HWDI index and the AREA index, thus supporting the
finding that the increase in the number of HWs over the last 2 decades could be explained, at least partially, by the increase
in the regional geopotential height. Similar results have been found also for the central and western part of Europe (Porebska
and Zdunek, 2013; Tomczyk and Bednorz, 2016). In their study, Porebska and Zdunek (2013), have shown that heat waves
over central part of Europe were often associated with an increased frequency of blocking situations over the Atlantic Ocean
and Eastern Europe. Similar results have been found by Tomczyk and Bednorz (2016), which have shown that the occurrence
of HWs in the central part of Europe, was mainly driven with positive anomalies of the Z500 over the analyzed region. Thus,
a possible explanation regarding the increase in the frequency of HWs in Romania, over the past two decades, might be related

to more frequent blocking situations and an increase in the geopotential height over the analyzed region.
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Finally, we conclude that the analysis of both hot and dry events in connection with the large-scale atmospheric drivers
provides an useful tool in order to find plausible physical mechanism which can explain the changes in the frequency and
amplitude of this extreme events. Our findings are in line with the recently published IPPC report (IPCC, 2021), which states
that there is an overall global increase in the frequency of heatwaves. Thus, our analysis of the variability and changes of
heatwaves and droughts and their combined effect could be used to improve the adaptation strategies to extreme events and

to improve the resilience plans at country level.
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Figure 1. The topographic map of Romania and the location of the country at European level
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Figure 2. Monthly and seasonal temporal evolution of the summer heat waves duration (HWDI) averaged at country
level (left column) and the temporal evolution of the percentage area (AREA) affected by heat waves (right column) over
period 1950 — 2020: a) June HWDI; b) June AREA; c¢) July HWDI; d) July AREA; e) August HWDI; f) August AREA;

g) Summer (JJA) HWDI and h) Summer (JJA) AREA. The blue line indicates the linear trend.
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Figure 3. Decadal frequency of the number of summer heat waves (HWSs) per decade over the last 70 years: a) 1951 — 1960;
b) 1961 — 1970; ¢) 1971 —1980; d) 1981 — 1990; e) 1991 — 2000;
f) 2001 - 2010 and g) 2011 — 2020. Units: number of HWs/decade.
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Figure 4. Linear trend of the numer heat waves for: a) june; b) July; c) August and d) JJA. Stipples indicate statistically

significant trends. Units: number of HWs/decade. Analyzed period 1950 — 2020.
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Figure 5. Monthly and seasonal temporal evolution of the SPEI index averaged at country level (left column) and the
temporal evolution of the percentage area (AREA) affected by drought conditions (SPEI < -1) right column) over period
1950 — 2020: a) June SPEI1; b) June drought AREA; c¢) July SPEI1; d) July drought AREA,; e) August SPEI1; f) August
drought AREA,; g) August SPEI3 (indicator of dry/wet condition over the summer seasons) and h) August SPEI3 drought

AREA. The blue line indicates the linear trend line.
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Figure 6. Decadal frequency of August SPEI3 over the last 70 years for the cases when
August SPEI3 <-1: a) 1951 — 1960; b) 1961 — 1970; ¢) 1971 —1980; d) 1981 — 1990;
e) 1991 — 2000; f) 2001 — 2010 and g) 2011 — 2020. Units: number of dry summers/decade.
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Figure 7. Linear trend of: a) June SPEI1; b) July SPEI1; c) August SPEI1 and d) the Augsut SPEI3. Stipples indicate
statistically significant trends. Units: number of z-scores/decade.
Analyzed period 1950 — 2020.

807
808
809
810
811
812
813
814
815
816
817
818

819
29



820
821
822
823
824
825
826
827

SPEI1 June - HWDI June SPEI1 July - HWDI July

Figure 8. Spatial correlation between: a) June SPEI1 and June HWDI; b) July SPEI1 and July HWDI; ¢) August SPEI3
and HDWI August and d) August SPEI3 and JJA HWDI. The regions where the correlations are statistically significant
(95% significance level) are hatched.
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Figure 10. a) HWDI for July 2012; b) SPEI1 for July 2012; c) Top-eight ranking of TX90p for July 2012 (1st means the,
hottest (Tx90p) since 1950, 2nd signifies the second hottest, etc., and all ranks >8 are shown in white); d) CHD for June
2012 (the dark red color indicates the grid points affected by a CHD) and e) daily Z500 (contour lines) and TT850
anomalies (shaded colors) averaged over the period 25 - 30.07.2012.

Units: a) days/month; €) Z500 (m) and TT850 (°C) and f) (10-° kg-m2-s2. For d) the analyzed period is 1950-2020.
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Figure 11. a) HWDI for August 2015; b) SPEI3 for August 2015; c) Top-eight ranking of TX90p for August 2015 (1st
means the, hottest (Tx90p) since 1950, 2nd signifies the second hottest, etc., and all ranks >8 are shown in white); d)
CHD for August 2015 (the dark red color indicates the grid points affected by a CHD) and e) daily Z500 (contour lines)
and TT850 anomalies (shaded colors) averaged over the period 28 - 31.08.2015.

Units: a) days/month; €) Z500 (m) and TT850 (°C) and f) (10-° kg-m2-s2. For d) the analyzed period is 1950-2020.
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Figure 12. a) HWDI for June 2019; b) SPEI1 for June 2019; c) Top-eight ranking of TX90p for June 2019 (1st means
the, hottest (Tx90p) since 1950, 2nd signifies the second hottest, etc., and all ranks >8 are shown in white); d) CHD for
June 2019 (the dark red color indicates the grid points affected by a CHD) and e) daily Z500 (contour lines) and TT850

anomalies (shaded colors) averaged over the period 10 - 14.06.2019.
Units: a) days/month; e) Z500 (m) and TT850 (°C) and f) (10°° kg-m-s. For d) the analyzed period is 1950—2020.
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Figure 13. Large-scale atmospheric circulation patterns associated with the occurrence of monthly heat waves in
Romania: a) The high composite map of June geopotential height at 500 mb (Z500) and the wind vectors at 500 mb
corresponding to the cases when the area cover by a heat waves was higher than 20% of the country (June HW AREA>
20%); b) as in a) but for July and c) as in a) but for August. The hatched areas indicate anomalies significant at 95%
significance level based on a two-tailed t-test. Units: Z500 [m].
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Figure 14. Frequency of the 2D atmospheric blocking associated with the occurrence of monthly heat waves in the
central part of Europe: a) The high composite map of June 2D atmospheric blocking corresponding to the cases when the
area cover by a heat waves was higher than 20% of the country (June HW AREA> 20%); b) as in &) but for July and c) as

in a) but for August. The hatched areas indicate anomalies significant at 95% significance level based on a two-tailed t-
test. Units: days/month.

36



5700

5670

5610

Z500 [m]
LY

5580 4

. 5550 | Z500 - June

T T T T T T T T
1950 1960 1970 1980 1990 2000 2010 2020
Time (years)

5700 -
5680
5660 -

S, 5640 - b ./ /
.
-90%
5620

. 2500 - July|

2500 [m]

T T T T T T T T
1950 1960 1970 1980 1990 2000 2010 2020
Time (years)

5730

5700
[

5670

2500 [m]

5640

. Z500 - August]
5610 —¢ T T T T T T T
1950 1960 1970 1980 1990 2000 2010 2020

Time (years)

Figure 15. Stability maps of the correlation between monthly HWDI and monthly Z500 over the period 1950 — 2020 (left
column) and the time series of monthly Z500 averaged over the black box in a), ) and e).
a) Stability map for June; b) The time series of June Z500 averaged overt the black box in a);
b) Stability map for July; d) the time series of July Z500 averaged overt the black box in c);
e) Stability map for August and f) the time series of August Z500 averaged overt the black box in e).
In a), ) and e) the regions where the correlation is positive for at least 80% of the 31-year windows are shaded with dark
red (95 %), red (90 %), orange (85 %) and yellow (80 %). The corresponding regions where the correlation is significant,
stable and negative, are shaded with dark blue (95 %), blue (90 %), green (85 %) and light green (80 %). The green (red)
lines in b), d) and f) indicates the linear trend line of the monthly Z500 over the period 1950 — 2020 (1990 — 2020).
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Table S1. Results of the trend analysis for HWDI (Figure 2 — left column). The trend analysis was conducted based on
nonparametric Mann-Kendall test. The analysis was performed over the period 1951 — 2020.

HWDI Trend P-value
June E-OBS 0.52 days/decade 3.37E-5*
July E-OBS 0.31 days/decade 0.0014*
August E-OBS 0.43 days/decade 0.0022*
JIA E-OBS 1.2 days/decade 5.23E-4*

The null hypothesis of no trend is rejected if the p-values is lower than 0.05 (significance level of o =0.05).
* indicates a statistically significant trend the 90% confidence level using the Mann—Kendall test.

Table S2. Results of the trend analysis for the monthly SPEI (Figure5 — left column). The trend analysis was conducted based
on nonparametric Mann-Kendall test. The analysis was performed over the period 1951 — 2020.

SPI Trend P-value
June SPEI1 E-OBS -0.002 z-scores/decade 0.626
July SPEI1 E-OBS -0.004 z-scores/decade 0.488
August SPEI1 E-OBS -0.011 z-scores/decade 0.045*
August SPEI3 E-OBS -0.008 z-scores/decade 0.135

The null hypothesis of no trend is rejected if the p-values is lower than 0.05 (significance level of a =0.05).
* indicates a statistically significant trend the 90% confidence level using the Mann—Kendall test.

Table S3. Results of the trend analysis for the monthly Z500 indices (Figure 13 — right column). The trend analysis was
conducted based on nonparametric Mann-Kendall test, for two distinct period: 1950 — 2020 and 1990 - 2020.

Z500 Index Trend P-value

June 1950 - 2020 2.8m/decade 0.06
1990 — 2020 12.5m/decade 0.005*
July 1950 — 2020 2.8m/decade 0.009*
1990 — 2020 7.5m/decade 0.001*
August 1950 — 2020 4.3m/decade 0.0007*
1990 — 2020 11.5m/decade 0.006*

The null hypothesis of no trend is rejected if the p-values is lower than 0.05 (significance level of o =0.05).
* indicates a statistically significant trend the 90% confidence level using the Mann—Kendall test.
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Figure S1. June decadal frequency of the number of heat waves (HWSs) per decade over the last 70 years: a) 1951 —
1960; b) 1961 — 1970; ¢) 1971 — 1980; d) 1981 — 1990; e) 1991 — 2000; f) 2001 — 2010 and g) 2011 — 2020.
Units: number of HWs/decade.
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Figure S2. July decadal frequency of the number of heat waves (HWs) per decade over the last 70 years: a) 1951 — 1960;
b) 1961 — 1970; ¢) 1971 —1980; d) 1981 — 1990; e) 1991 — 2000; f) 2001 — 2010 and g) 2011 — 2020.
Units: number of HWs/decade.
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Figure S3. August decadal frequency of the number of heat waves (HWSs) per decade over the last 70 years: a) 1951 —
1960; b) 1961 — 1970; ¢) 1971 — 1980; d) 1981 — 1990; e) 1991 — 2000; f) 2001 — 2010 and g) 2011 — 2020.
Units: number of HWs/decade.
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Figure S4. The correlation coefficient between the monthly SPEI and monthly HWDI with different time lags and in
phase. The combinations (SPEI and HWDI) which are used in the study to compude the compund hot and dry (CHD)
index are highlighted in yellow boxes.
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Figure S5. Evolution of the daily maximum temperature (Tx) anomaly over the period
2.07.2012 — 10.07.2012. The anomalies are computed relative to the base period 1971 — 2000.

I Iml T 1 _W a ' m[°C]w



[m]

| | |
5300 5350 5400 5450 5500 5550 5600 5650 5700 5750 5800 5850 5900

Figure S6. Evolution of the daily geopotential height at 500mb (shaded colors) and the location of the 2D atmospheric
blocking (contour lines and hashed areas) over the period 2.07.2012 — 10.07.2012.
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Figure S7. Evolution of the daily maximum temperature (Tx) anomaly over the period
23.08.2015 — 31.08.2015. The anomalies are compute relative to the base period 1971 — 2000.



24.08.2015 = 25.08.2015
= : ety

| | |
5300 5350 5400 5450 5500 5550 5600 5650 5700 5750 5800 5850 5900

Figure S8. Evolution of the daily geopotential height at 500mb (shaded colors) and the location of the 2D atmospheric
blocking (contour lines and hashed areas) over the period 23.078.2015 — 31.08.2015.
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Figure S9. Evolution of the daily maximum temperature (Tx) anomaly over the period
11.06.2019 — 19.06.2019. The anomalies are compute relative to the base period 1971 — 2000.
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Figure S10. Evolution of the daily geopotential height at 500mb (shaded colors) and the location of the 2D atmospheric
blocking (contour lines and hashed areas) over the period 11.06.2019 — 19.06.2019.
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