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Abstract. Climate change is set to affect extreme climate and meteorological events. The combination of in-
teracting physical processes (climate drivers) across various spatial and temporal scales resulting to an extreme
event is referred to as compound event. The complex geography and topography of Greece forms a variety of
regions with different local climate conditions affecting the daily minimum temperature and precipitation distri-
butions and subsequently the distribution of compound events of low temperature and high precipitation values.
The aim of our study in this work is to identify these wet—cold events based on observational data from the
Hellenic National Meteorological Service (HNMS) stations, which are divided into five different geographi-
cal categories, in the period 1980-2004 and coldest months of the year (November-April) on monthly basis.
Two available reanalysis products, that of ERA-Interim downscaled with the Weather Research and Forecasting
(WRF) model at Skm horizontal resolution (WRF_5), and the coarser resolution ( ~ 30km) ERAS Reanalysis
dataset from European Centre for Medium-Range Weather Forecasts (ECMWF), are adopted to derive a gridded
monthly spatial distribution of wet—cold compound events, after performing a comparison with the observations.
The results yield that the monthly maximum HNMS probabilities range from 0.07 % in April to 0.85 % in Febru-
ary, ERAS range from 0.4 % in April to 2.97 % in February and WRF_5 from 10.4 % in November to 25.04 %
in February. The results also displayed that February, January and December, are in this order, the months with

the highest WCCE:s.

1 Introduction

This work follows as a more meticulous study of the partic-
ipating presentation at the EMS annual meeting hosted on-
line 6-10 September 2021 (Markantonis et al., 2021). The
motivation for this is the absence of studies that examine ex-
treme wet—cold compound events (WCCEs) in Greece, al-
though Greece as part of the Mediterranean is considered
a region affected by WCCEs (Zhang et al., 2021). Simi-
lar studies have been conducted for the Mediterranean, but
not analytically for Greece (Lazoglou and Anagnostopoulou,
2019; De Luca et al., 2020; Hochman et al., 2022; Vogel et
al., 2021). WCCEs may have a negative short-term socio-
economic impact due to low temperatures and heavy precip-
itation, causing damages to infrastructures, agriculture, elec-
tricity outages and transportation disruptions (Houston et al.,
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2006; Llasat et al., 2014; Vajda et al, 2014). On the other
hand, they have a positive impact on freshwater availability,
winter tourism and ecosystem stability (Garcia-Ruiz et al.,
2011; Trujillo et al., 2012; Pestereva et al., 2012; Demiroglu
et al., 2015).

This study aims to examine the monthly spatiotempo-
ral variation of WCCEs in Greece in the period between
1980-2004 continuing the work of the authors that exam-
ines the consequences of Climate Change on WCCEs in
Greece (Markantonis et al., 2022). The current investigation
focuses on the simultaneous occurrence of daily extreme val-
ues for minimum temperature (TN) and accumulated pre-
cipitation (RR) on monthly basis, between November and
April, months with at least one observed event in the Hel-
lenic National Meteorological Service (HNMS) station time-
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Figure 1. Map of HNMS stations groups (a) and stations on orography of (b) ERAS and (¢) WRF_5. The numbers correspond to those at

Table Al.

series. The stations available by HNMS are divided adopt-
ing geographical criteria to examine the geographical dis-
tribution of WCCESs probabilities. HNMS observations are
compared with the datasets from the two available reanal-
ysis products. The spatiotemporal analysis is concluded by
adopting those products to simulate the monthly climatology
of WCCE:s in Greece This analysis includes regions with-
out observations that yield significantly higher probabilities
compared to any available HNMS time-series even in April
or November, months that only few stations exhibit positive
WCCE:s probabilities.

2 Data

HNMS provides freely observational data from 21 stations
for the purpose of scientific research (http://femy.gr/emy/
el/services/paroxi-ipiresion-elefthera-dedomena, last access:
19 April 2023). The data have been evaluated by HNMS
and the time-series have no missing or distorted values. The
time-series available for the historic period 1980-2004 have
a 3 h temporal resolution and from these values we extract
the daily values of TN and RR. The position of the stations
is shown in Fig. 1 and information on the characteristics of
the stations are available in Table A1. Figure 1a also presents
the division of the stations into five categories based on the
criteria explained in the Methodology section.

The absence of the necessary dense network of stations for
the investigation of WCCE:s distribution in Greece between
1980 and 2004, lead us to adopt a dynamical downscaling of
ERA-Interim (Dee et al., 2011) of approximately 80 km res-
olution using the WRF model (reference WRF model here)
in the configuration described by Politi et al. (2018, 2021) at
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5 km resolution. We denote the produced data set as WRF_5.
The second reanalysis product adopted is the latest avail-
able reanalysis product ERA 5 from the European Centre for
Medium-Range Weather Forecasts (ECMWF) of spatial res-
olution ~ 30km x 30 km (Hersbach et al., 2020). Although,
the resolution is much coarser than that of WRF_5, ERA 5 is
a novel and more advanced reanalysis product. The elevation
range of WRF_5 is also much broader than ERAS (Fig. 1b
and c) simulating the orography with greater detail, a major
factor in the temperature equation.

3 Methodology

3.1 Thresholds selection

TN-RR WCCEs are studied by adopting an approach that
examines a constant threshold for each variable regardless of
station or grid point. This approach adopts the fixed thresh-
old of 20 mmd~! for RR and 0 °C for TN for all stations and
grid points. TN equal to or under 0 °C indicates a Frost Day
(FD) (Fonseca et al., 2016), while RR equal to or higher than
20mmd~"! is considered a heavy precipitation day (RR20)
(Kundzewicz et al., 2006). Both indices are also proposed
by the joint CCI/CLIVAR/JCOMM Expert Team (ET) on
Climate Change Detection and Indices (ETCCDI). We in-
vestigate WCCEs (or RR20-FD) during the years 1980 to
2004 and the months November to April as the predominant
cold season in Greece and the months with observed events
according to HNMS stations. This leads to seven different
time series, one for each month of the period and one for all
months as a total.
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Table 1. Contingency table.

“Event” = positive probability Observation event

Yes No
Model Yes A B
Event No C D
3.2 Validation

Validation of the reanalysis models’ datasets is conducted in
the respective grid cells of the stations performing the nearest
neighbour approach. Simulated temperature values are cor-
rected with respect to the real elevation of the stations based
on the equation: Ty = T; —0.006-(H,, — Hy) if H,, > H, and
Ty =1;+0.006-(H,, — Hy) if H,;, < Hy. This procedure en-
sures that the different data sets are evaluated at the same
elevation to observations. This approach applies the assump-
tion of a constant temperature gradient which is a limitation
of this study. Moreover, the 21 stations are grouped into five
categories as suggested by Emmanouil et al. (2021), based
on geographical criteria (Fig. 1a). Six of the stations be-
long to two categories (Table A2), as they fulfil more than
one criterion. Thus, validation is conducted for each cate-
gory separately and for the total number of stations. Ana-
lytically, North stations are located at a latitude higher than
the 40th parallel. The West stations are located western of the
Pindus Mountain range. Mainland stations are also divided in
two more categories, with Seaside stations concerning those
which are coastal, while the Continental ones have a greater
distance from the coastline. Finally, the last category consists
of stations located in the Aegean Islands. WCCESs probabil-
ities for each station and model are presented in the supple-
mentary material. BIAS and RMSE along with the Critical
Success Index (CSI) are used for the validation. CSI is cal-
culated as: CSI=A/(A+ B+ C). A, B and C symbolize el-
ements from the contingency table (Table 1) that occur from
comparing the zero and the nonzero number of occurrencesin
stations with the corresponding model grid cells.

4 Results

4.1 Observations-reanalysis comparison

Figure 2 presents WCCEs probabilities observed at the geo-
graphical categories in which all the stations are divided and
the responding grid points of the reanalysis models available.
The results are also displayed on monthly basis from Novem-
ber to April (Fig. 2a—f) and Fig. 2g displays the aggregated
probabilities for the entire period.

Examining firstly the spatial distribution of WCCESs prob-
abilities, we observe in Fig. 2g that North and Conti-
nental categories yield the highest WCCEs probabilities,
with HNMS exhibiting higher probabilities (~ 0.4 %) than
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ERAS and WRF_5 (~ 0.25 %) for both categories. West and
Mainland Seaside categories exhibit similar probabilities (~
0.1 %), with ERAS yielding higher probabilities (~ 0.2 %)
for the West categories. Aegean Islands presents close to zero
probabilities for HNMS and zero for ERAS and WRF_5.
HNMS yields the highest monthly probabilities in February
(Fig. 2b) for the Continental group with 0.85 %, while North
yields 0.6 % in February (Fig. 2b) and January (Fig. 2a).
WREFE_5 and ERAS yield the highest probabilities in Decem-
ber and in the North category with 0.61 % and 0.73 % respec-
tively. Moreover, ERAS aggregated probabilities in Decem-
ber are higher than both HNMS and WRF_5 (Table 2). All
datasets display the lowest probabilities in April.

In Table 2 we observe that after the temperature correction,
ERAS and WREF_S yield similar bias (0.04 %), rmse (0.10 %
and 0.11 % respectively) and CSI (0.42 and 0.4, respectively)
values for the entire season and the total of stations, WRF_5
exhibits higher correlation (0.86) compared to ERAS (0.46).
Although ERAS displays great positive value bias in the West
category and especially in February with 0.17 % and De-
cember with 0.15 %, the greatest positive bias is observed
in the North category also in December with 0.39 %. Like-
wise, WRF_5 displays the greatest positive bias in December
in the North with 0.29 %, and mostly negative bias for the
rest of the months. The greatest RMSE values are observed
in February (Continental) for both ERAS and WRF_5 with
0.81 % and 0.56 %, respectively. North is the category with
the highest CSI values for ERAS and WRF_S5 for all months
with the exception of April.

4.2 WCCEs probabilities

Figure 3 completes the examination of the spatiotemporal
distribution of WCCESs probabilities in Greece since it in-
cludes areas lacking the presence of observational data. Sim-
ilar to Fig. 2, it includes a monthly analysis (November to
April) and the aggregated values for the whole season. Areas
with less than 0.1 % probabilities are marked with grey color.

According to Fig. 3 WRF_5 (column 2) yields greater
spatial distribution and range of WCCEs probabilities than
ERAS (column 1). In the aggregated values for the entire
season (Fig. 3gl and g2) WREF_5 displays a maximum value
of 13.92 % while ERAS only 1.83 %. The highest probabili-
ties are observed for both datasets in February with 25.04 %
for WRF_S and 2.97 % for ERAS. April (Fig. 3d) yields the
lowest extent of WCCEs for both datasets and the lowest
monthly maximum probability with 0.4 % for ERAS. On the
other hand, WRF_5 yields the lowest monthly probability in
November (Fig. 3d2).

The geographical extent of WCCEs varies monthly,
mainly over the mountainous areas in April and over the
majority of mainland Greece in January, including a signifi-
cant number of Islands as manifested in the finer resolution
of WRF_5. The western parts of the mainland, the south-
ern Aegean Islands and lowland areas of Crete are the ar-
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gories for the months (a) January, (b) February,

(¢) March, (d) April, (e) November, (f) December and (g) for tl;i: entire season November—April.

WRF_5 and ERAS five station cate

Figure 2. RR20-FD aggregated probabilities for HNMS,
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Figure 3. WCCEs probabilities spatial distribution for (1) ERAS and (2) WRF_5 for the months (a) January, (b) February, (c) March,
(d) April, (e) November, (f) December and (g) for the entire season November—April.
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Table 2. Table that exhibits aggregated WCCEs probabilities (MN) for HNMS (H), ERAS (E) and WRF_5 (W) for all station categories and the total of stations, and for each month
and the entire season. Also, it exhibits the BIAS (BI), RMSE (RE), Pearson Correlation (CR) and CSI (CI) of ERAS and WREF_5. The bold format points the values with better score

between ERAS and WRF_5.

North West Continental Mainland Seasde Aegean Islands Total

H E W H E W H E W H E W H E w H E W
January
MN 0.65 0.3 0.56 0.15 0.26 0.15 0.48 0.29 045 0.15 0.13 0.23 0.05 0.01 0.03 0.17 0.11  0.15
BS 0.35 0.09 —0.1 0 0.19  0.03 0.03 —0.08 0.04 0.03 0.06 0.02
RE 0.63 0.51 0.34 0.27 0.63 0.49 0.17 0.19 0.11  0.06 031 0.24
CR 0 —-0.08 0.48 0.53 0.01 0.24 0.77 0.94 —0.2 0.83 033  0.59
CI 0.67 1 0.4 0.2 0.5 0.75 0.2 0.4 0 0.2 0.2 033
February
MN 0.61 0.28 0.28 0.17 0.34 0.11 0.85 0.35 0.39 0.14 0.17 0.08 0.07 0 0.01 0.24 0.12 0.1
BS 0.33 0.33 —0.17 0.06 0.5 046 -0.03 0.06 0.07 0.06 0.11 0.13
RE 0.44 0.42 0.20 0.09 0.81 0.56 0.19 0.09 0.12  0.09 037 0.26
CR 0.63 0.93 0.96 0.98 —-0.03 0.81 0.41 0.99 NA 0.75 042 093
CI 0.67 1 0.67 0.2 05 0.75 0.33 0.4 0 0.1 0.21 0.29
March
MN 0.3 0.13 0.09 0.08 0.15 0 0.39 0.19 0.06 0.1 0.05 0.05 0.01 0.01 0.01 0.1 0.06 0.03
BS 0.17 0.22 -0.08 0.08 0.19 0.32 0.05 0.05 0 0 0.04 0.07
RE 0.41 0.45 0.32 0.13 0.56 0.44 0.18 0.14 0.06 0 0.27 0.2
CR -0.16 —0.99 —0.46 NA —0.57 045 —-0.53 -0.33 —0.11  1.00 —0.05 044
CI 0.5 0.5 0 0 033 0.25 0 0.25 0 0.1 0.06 0.15
April
MN 0.04 0 0 0.03 0.03 0.03 0.07 0.03 0.03 0 0 0 0 0 0 0.01 0.01 0.01
BS 0.04 0.04 0 0 0.03 0.03 0 0 0 0 0.01 0.01
RE 0.08 0.08 0 0 0.07 0.07 0 0 0 0 0.03 0.03
CR NA NA 1 1 0.58 0.58 NA NA NA NA 0.69 0.69
CI 0 0 0.2 0.2 0.25 0.25 0 0 0 0 0.05 0.05
November
MN 0.27 0.09 0.13 0 0.05 0.03 0.27 0.13 0.1 0 0 0.03 0 0 0 0.05 0.03 0.03
BS 0.18 0.13 —0.05 -0.03 0.13 0.17 0 -0.03 0 0 0.03 0.03
RE 0.31 0.32 0.12 0.06 0.33  0.31 0 0.06 0 0 0.14 0.14
CR 1 0.87 NA NA 041 0.74 NA NA NA NA 0.64 0.75
CI 0.33 0.5 0 0 0.33 0.33 0 0 0 0 0.05 0.05

NA are not available values since the number of events are zero in these cases.
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0.18
0.46
0.42

0.12
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eas that show the lowest probabilities through all months. On
the other hand, semi-mountainous and mountainous areas of
north-western mainland are the regions yielding the highest
probabilities for all months and for both datasets. The areas
of the two main cities (Athens and Thessaloniki) that contain
more than half of the inhabitants of Greece, display signifi-
cant probability values in January.

5 Conclusions

This work attempted to estimate the monthly climatology of
WCCEs in Greece for the historical period 1980-2004 by
adopting a fixed threshold approach. Two reanalysis prod-
ucts, compared also with observations, provided the spatial
distribution of WCCEs in Greece. From this study emerges
that in Greece, a mostly mountainous country, RR20-FD
events are common phenomena during the colder period of
the year in areas with higher elevation, greater distance from
the coastline and mostly in northern latitudes, as observed
by the grouping of HNMS stations. The comparison between
the simulated datasets showcased the added value and need
for finer spatial resolution datasets for areas with complex
topography like Greece, as great differences emerged be-
tween ERAS and WRF_ERA_I particularly in areas that lack
the presence of observations. The results also displayed that
that February, January and December, are in this order, the
months with the highest WCCEs, while April and Novem-
ber, the months with the fewest number of observed events
in HNMS stations yield significant WCCEs probabilities and
spatial distribution in northern and mountainous Greece.
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Appendix A

Table A1. HNMS stations information.

Number Location ID Latitude Longitude Elevation

(m)
1 Alexandroupoli 16627 40.85 25917 4
2 Elliniko 16716 37.8877 23.7333 10
3 Ioannina 16642 39.7 20.817 483
4 Irakleio 16754 35.339 25.174 39
5 Kalamata 16726 37.067 22.017 6
6 Kastoria 16614 40.45 21.28 660.95
7 Kerkira 16641 39.603 19.912 1
8 Kithira 16743 36.2833 23.0167 167
9 Larisa 16648 39.65 22.417 73
10 Limnos 16650 39.9167 25.2333 4
11 Methoni 16734 36.8333 21.7 34
12 Milos 16738 36.7167 24.45 183
13 Mitilini 16667 39.059 26.596 4
14 Naxos 16732 37.1 25.383 9
15 Rhodes 16749  36.42896 28.21661 95
16 Samos 16723 37.79368 26.68199 10
17 Skyros 16684 38.9676 24.4872 12
18 Souda 16746 35.4833 24.1167 151
19 Thessaloniki 16622 40.517 22.967 2
20 Tripoli 16710 37.527 22.401 651
21 Zakinthos 16719 37.751 20.887 5

Table A2. HNMS stations categorization.

North West  Continental Mainland Aegean

seaside
Stations 1,6,19 3,5,7,11,21 3,6,9,20 1,2,5,11,19 4,8,10, 12,13, 14, 15,16, 17, 18
Total number or stations 3 5 4 5 10

Adv. Sci. Res., 19, 145-158, 2023 https://doi.org/10.5194/asr-19-145-2023
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Figure B1. RR20 aggregated probabilities for HNMS, WRF_5 and ERAS five station categories for the months (a) January, (b) February,

(c) March, (d) April, (¢) November, (f) December and (g) for the entire season November—April.

Adv. Sci. Res., 19, 145-158, 2023

https://doi.org/10.5194/asr-19-145-2023



I. Markantonis et al.: Spatiotemporal investigation of wet—cold compound events in Greece

154

—~
Q h
N
S ¢ 8 =& =& °
(%) Aniqeqold a4
—~
F &
N

501

40
0
0
0
0

(%) A3iqeqoud a4

spuejs|
ueabay

apiseas
puejuiei

|ejuaunuod

ypioN

spue|s|
ueabay

apiseas
puejuieiy

|ejuaunuod

UmoN

—~
©
N |
|
s P = & - -
n ¥ Ll & =
(%) Auiqeqold a4
~_
i h
N
o S ey = = o
5 ¥ Ll ~ =

(%) Aniigeqosd a4

spuejs|
ueabay

apiseas
puejuieiy

|ejuaunuod

oM

ypioN

spue|s|
ueabay

apiseas
puejuieiy

|ejuaunuod

oM

UuoN

spuejs|
ueabay

apiseas
puejue

|ejuaunuod

YpoN

507

—~
o
N

o o o
@ &

2
(%) Aunigqeqoud ad

|
- |ejuauiuod

0/

| spueys|
| ueabay

apiseas
puejue

507

o o o
2 @ &

(%) Aniigeqoud a4

spuels|
ueabay

apiseas
puejuien

|ejuauiuod

507

(%) Anpiqeqoud a4

gories for the months (a) January, (b) February,

(¢) March, (d) April, (e) November, (f) December and (g) fo_r the entire season November—April.

F_5 and ERAS five station cate,

Figure B2. FD aggregated probabilities for HNMS, WR

https://doi.org/10.5194/asr-19-145-2023

Adv. Sci. Res., 19, 145-158, 2023




I. Markantonis et al.: Spatiotemporal investigation of wet—cold compound events in Greece 155

Appendix C
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Figure C1. RR20 probabilities spatial distribution for (1) ERAS and (2) WRF_5 for the months (a) January, (b) February, (¢) March,
(d) April, (e) November, (f) December and (g) for the entire season November—April.
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Figure C2. FD probabilities spatial distribution for (1) ERAS and (2) WREF_5 for the months (a) January, (b) February, (¢) March, (d) April,
(e) November, (f) December and (g) for the entire season November—April.
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