Ref. Ares(2019)4735809 - 21/07/2019

OPEn-air laboRAtories for Nature baseD
solUtions to Manage hydro-meteo risks
DATA RECORD ON EXTREME EVENTS
BY OAL AND BY HAZARD
Deliverable information
Deliverable no.:
Work package no.:
Document version:
Document Preparation Date:
Responsibility:

D4.2
4
V.3
27.06.2019
Partner No. 1 – UNIBO

This project has received funding from the European Union’s Horizon 2020 research
and innovation programme under grant agreement No 776848

Project information
Project acronym and name:
EC Grant Agreement no.:
Project coordinator:
Project start date:
Duration:

OPERANDUM - OPEn-air laboRAtories for Nature baseD
solUtions to Manage hydro-meteo risks
776848
UNIBO
01.07.2018
48 months

Document Information & Version Management
Document title:
Data record on extreme events by OAL and by hazard
Document type:
Report
Main author(s):
Federico Porcù, Leonardo Aragão
Contributor(s):
Margherita Aguzzi, Lucio Botarelli, Sisay Debele, Alessio
Domeneghetti, Juliane El Zohbi, Leena Finer, Alejandro GonzalezOllauri, Milan Kalas, Natalia Korhonen, Prashant Kumar, Yuguo Li,
Michael Loupis, Paola Mercogliano, Maurizio Morelli, Myriam
Montesarchio, Depy Panga, Francesco Pilla, Swantje Preuschmann,
Beatrice Pulvirenti, Jeetendra Sahani, Christos Spyrou, Elena Toth,
Liisa Ukonmaanaho, Silvia Unguendoli, Andrea Valentini, Zixuan
Wang, Xian Xue, Tomas Zieher
Reviewed by:
Approved by:
Version
Date
Modified by
Comments
V.0
26.03.2019
Federico Porcù
First draft
V.1
13.05.2019
Federico Porcù
Revised draft
V.2
31.05.2019
Federico Porcù
Final draft submitted for review
V.3
28.06.2019
Federico Porcù
Report submitted to Coordinator
Short Description
The purpose of this document is twofold. First, it presents the characterisation of extreme events
occurred in the last 30 years (1989-2018) in the OPERANDUM OALs (in Europe and abroad): after
a selection of cases, with criteria established according to hazard and site, the analysis is carried
on by looking at their meteorological settings, available local data, and satellite products.
Secondly, the technical description of the data used for the analysis and made available through
the GeoIKP is presented, allowing the prompt us of the collected data to project partners for
ongoing OPERANDUM activities and to general public.
Dissemination level
PU
CO

Public
Confidential, only for Members of the Consortium,
including the EU Commission Services

This deliverable contains original unpublished work except where clearly indicated otherwise.
Acknowledgement of previously published material and of the work of others has been made
through appropriate citation, quotation or both. The publication reflects the author’s views. The
European Commission is not liable for any use that may be made of the information contained
therein.

GA no.: 776848

Table of contents
EXECUTIVE SUMMARY .................................................................................................................. 1
1. INTRODUCTION ..................................................................................................................... 2
1.1. DATABASE ON HYDRO-METEOROLOGICAL HAZARDS ......................................................................... 3
1.2. HYDRO-METEOROLOGICAL RISKS IN EUROPE AND AT GLOBAL SCALE ..................................................... 4
1.3. HYDRO-METEOROLOGICAL HAZARDS IN THE OPERANDUM CONTEXT ................................................. 7
2. CASE SELECTION IN THE OALS................................................................................................. 9
2.1. OALS STRUCTURE AND CURRENT STATE ........................................................................................ 9
2.1.1. OAL ITALY - PO VALLEY ................................................................................................................... 9
2.1.2. OAL FINLAND - LAKE PURUVESI ...................................................................................................... 10
2.1.3. OAL GERMANY - BIOSPHERE RESERVE ‘NIEDERSÄCHSISCHE ELBTALAUE’ ................................................ 11
2.1.4. OAL GREECE - SPERCHEIOS RIVER ................................................................................................... 13
2.1.5. OAL AUSTRIA - VÖGELSBERG.......................................................................................................... 15
2.1.6. OAL UNITED KINGDOM - CATTERLINE .............................................................................................. 16
2.1.7. OAL IRELAND - DODDER RIVER ....................................................................................................... 18
2.1.8. OAL CHINA HONG KONG - HONG KONG AREA .................................................................................. 19
2.1.9. OAL CHINA MAINLAND - SHIYANG RIVER BASIN ................................................................................ 20
2.1.10. OAL AUSTRALIA - WEANY CREEK SUB-CATCHMENT .......................................................................... 21
2.2. CRITERIA FOR “EXTREME EVENTS” SELECTION IN THE OALS.............................................................. 23
2.2.1. OAL ITALY - PO VALLEY ................................................................................................................. 23
2.2.2. OAL FINLAND - LAKE PURUVESI ...................................................................................................... 25
2.2.3. OAL GERMANY - BIOSPHERE RESERVE ‘NIEDERSÄCHSISCHE ELBTALAUE’ ................................................ 26
2.2.4. OAL GREECE - SPERCHEIOS RIVER ................................................................................................... 29
2.2.5. OAL AUSTRIA - VÖGELSBERG.......................................................................................................... 29
2.2.6. OAL UNITED KINGDOM - CATTERLINE .............................................................................................. 31
2.2.7. OAL IRELAND - DODDER RIVER ....................................................................................................... 32
2.2.8. OAL CHINA HONG KONG - HONG KONG AREA .................................................................................. 33
2.2.9. OAL CHINA MAINLAND - SHIYANG RIVER BASIN ................................................................................ 34
2.2.10. OAL AUSTRALIA - WEANY CREEK SUB-CATCHMENT .......................................................................... 35
3. DATA DESCRIPTION.............................................................................................................. 36
3.1. ERA5 REANALYSIS DATA ........................................................................................................ 36
3.2. SATELLITE DATA AND PRODUCTS ............................................................................................... 37
3.2.1. METEOSAT .................................................................................................................................. 37
3.2.2. H-SAF. ....................................................................................................................................... 38
3.2.3. GPM .......................................................................................................................................... 38
3.2.4. TRMM ....................................................................................................................................... 39
3.2.5. HIMAWARI................................................................................................................................ 39
3.3. OTHER DATA ........................................................................................................................ 39
3.3.1. OAL ITALY ................................................................................................................................... 39
3.3.2. OAL FINLAND .............................................................................................................................. 40
3.3.3. OAL UNITED KINGDOM ................................................................................................................. 40

D4.2 | Data record on extreme events by OAL and by hazard

iii

GA no.: 776848
3.3.4. OAL AUSTRIA .............................................................................................................................. 40
3.4. DATA PROCESSING ................................................................................................................ 40
4. IN DEPTH ANALYSIS OF SELECTED EVENTS AND SUMMARIZING TABLES ................................ 42
4.1. OAL ITALY .......................................................................................................................... 42
4.1.1. CASE STUDIES ............................................................................................................................... 42
4.1.2. SUMMARY OF THE EXTREME EVENTS ................................................................................................ 50
4.2. OAL-FINLAND ...................................................................................................................... 51
4.2.1. THE MAIN CASE STUDY ................................................................................................................... 51
4.2.2. SUMMARY OF THE EXTREME EVENTS ................................................................................................ 53
4.3. OAL-GERMANY .................................................................................................................... 53
4.3.1. THE MAIN CASE STUDY ................................................................................................................... 53
4.3.2. SUMMARY OF THE OTHER EVENTS .................................................................................................... 57
4.4. OAL GREECE........................................................................................................................ 63
4.4.1. CASE STUDIES ............................................................................................................................... 63
4.4.2. SUMMARY OF THE EXTREME EVENTS ................................................................................................ 68
4.5. OAL AUSTRIA ...................................................................................................................... 71
4.5.1. IN DEPTH ANALYSIS OF SELECTED EVENT ............................................................................................ 71
4.5.2. SUMMARY OF THE EXTREME EVENTS ................................................................................................ 73
4.6. OAL UNITED KINGDOM .......................................................................................................... 74
4.6.1. IN DEPTH ANALYSIS OF SELECTED EVENT ............................................................................................ 74
4.6.2. SUMMARY OF THE EXTREME EVENTS ................................................................................................ 75
4.7. OAL IRELAND....................................................................................................................... 76
4.7.1. IN DEPTH ANALYSIS OF SELECTED EVENTS........................................................................................... 76
4.7.2. SUMMARY OF THE EXTREME EVENTS ................................................................................................ 79
4.7.3. FLOOD RISK AND RESIDENTIAL ACCOMMODATION COSTS ..................................................................... 79
4.8. OAL CHINA HONG KONG ........................................................................................................ 84
4.8.1. IN DEPTH ANALYSIS OF SELECTED EVENTS........................................................................................... 84
4.9. OAL CHINA MAINLAND .......................................................................................................... 86
4.9.1. IN DEPTH ANALYSIS OF SELECTED EVENT ............................................................................................ 86
4.9.2. SUMMARY OF THE EXTREME EVENTS ................................................................................................ 89
4.10. OAL AUSTRALIA ................................................................................................................. 90
4.10.1. IN DEPTH ANALYSIS OF SELECTED EVENT .......................................................................................... 90
4.10.2. SUMMARY OF THE EXTREME EVENTS .............................................................................................. 91
5. CONCLUSIONS ..................................................................................................................... 94
5.1.1.
5.1.2.
5.1.3.
5.1.4.

SEARCH OF SEVERE EVENTS OCCURRED IN THE OALS (1989-2018). ..................................................... 94
ADOPTION OF CRITERIA TO SELECT “EXTREME EVENTS” IN THE OALS. .................................................... 94
HYDRO- METEOROLOGICAL HAZARDS IN THE OALS. ............................................................................ 95
OPERANDUM ICT PLATFORM ...................................................................................................... 97

REFERENCES ............................................................................................................................... 98

D4.2 | Data record on extreme events by OAL and by hazard

iv

GA no.: 776848

List of Tables and Figures
List of Tables
Table 1 – Summary of objectives, results and contributions of Deliverable 4.2..................................... 1
Table 2 - List of relevant events of flood, storm-surge and drought in OAL Italy in the period 1989-2018.
............................................................................................................................................................... 24
Table 3 - Extreme events in the OAL Finland during the last 30 years (source: Finnish Meteorological
Institute, Centre for Economic Development, Transport and the Environment). ................................ 25
Table 4 - Peak flood levels in 2002, 2006, 2011 and 2013 (data from the Federal Waterways and
Shipping Administration (WSV) and BAW, 2013). ................................................................................. 26
Table 5 - Low water levels in recent years in the region of the OAL-Germany..................................... 26
Table 6 - List of relevant events in OAL Germany in the period 1989-2018 causing significant damage
(the flooding event 2011 is not listed here because the damage was rather low in comparison to the
other). .................................................................................................................................................... 28
Table 7 - List of relevant events in OAL Greece in the period 1989-2018............................................. 29
Table 8 – Reported floods, debris flows and landslides related to the Watten river. .......................... 31
Table 9 - Rainfall extremes at OAL-UK retrieved from the analysis of meteorological time series
recorded at a weather stations deployed in situ from 2011 to present. Extreme rainfall events are
considered to present a rainfall depth beyond 30 mm (i.e. ca. 5 % of the annual rainfall). ................ 32
Table 10 - List of relevant events in OAL Ireland in the period 1989-2018........................................... 33
Table 11 - List of relevant events in OAL China Hong Kong in the period 1989-2018. ......................... 33
Table 12 - List of relevant events in OAL China Mainland in the period 1989-2018............................. 34
Table 13 – Data description by hazard and OAL. .................................................................................. 41
Table 14 - List of the extreme events in the OAL Italia and their respective summaries of weather
conditions. ............................................................................................................................................. 51
Table 15 - List of the extreme events in the OAL Finland and their respective summaries of weather
conditions. ............................................................................................................................................. 53
Table 16 - List of the extreme events in the OAL Germany and their respective summaries of weather
conditions. ............................................................................................................................................. 62
Table 17 - List of the top 10 extreme events in the OAL Greece and their respective summaries of
weather conditions. .............................................................................................................................. 68
Table 18 - List of the extreme events in the OAL Austria and their respective summaries of weather
conditions. ............................................................................................................................................. 74
Table 19 - List of the extreme events in the OAL UK and their respective summaries of weather
conditions. ............................................................................................................................................. 76
Table 20 - List of the extreme events in the OAL Ireland and their respective summaries of weather
conditions. ............................................................................................................................................. 79
Table 21 - List of the extreme events in the OAL China Hong Kong and their respective summaries of
weather conditions. .............................................................................................................................. 86
Table 22 - List of the extreme events in the OAL China Mainland and their respective summaries of
weather conditions. .............................................................................................................................. 89

D4.2 | Data record on extreme events by OAL and by hazard

v

GA no.: 776848
Table 23 - List of the extreme events in the OAL Australia and their respective summaries of weather
conditions. ............................................................................................................................................. 92
Table 24 - Sources for the search of extreme events in the OALs. ....................................................... 94
Table 25 - Different approaches used by the OAL for the different hazard types. All the adopted criteria
are markedly site-specific...................................................................................................................... 95

List of Figures
Figure 1 - Geographical overview of relevant hydro-meteorological (Meteorological, Hydrological and
Climatological events) related annual overall loss events worldwide 1980-2018. Source: Munich Re
(2019). ..................................................................................................................................................... 5
Figure 2 - Overview of relevant hydro-meteorological (Meteorological, Hydrological and climatological)
risks: (a) percentage distribution of hydro-meteorological related loss events worldwide; (b)
percentage distribution of hydro-meteorological related loss events by continents; (c) geographical
overview of relevant hydro-meteorological loss events across Europe and (d) percentage distribution
of hydro-meteorological related loss events across Europe. Source: Munich Re (2019). ...................... 6
Figure 3 - Monthly weighted averages by OAL area at 53 points (ERA5) representing 20,842 km² to daily
minimal, mean and maximum 2m air temperature (°C), total precipitation (mm/month) and maximum
daily precipitation (mm/day) relative to 1989-2018 period in OAL Italy (Po Valley). Data source: C3S
(2017). ................................................................................................................................................... 10
Figure 4 - Monthly weighted averages by OAL area at 7 points (ERA5) representing 1,016 km² to daily
minimal, mean and maximum 2m air temperature (°C), total precipitation (mm/month) and maximum
daily precipitation (mm/day) relative to 1989-2018 period in OAL Finland (Lake Puruvesi). Data source:
C3S (2017). ............................................................................................................................................ 11
Figure 5 - Monthly weighted averages by OAL area at 7 points (ERA5) representing 568 km² to daily
minimal, mean and maximum 2m air temperature (°C), total precipitation (mm/month) and maximum
daily precipitation (mm/day) relative to 1989-2018 period in OAL Germany (Elbe Valley). Data source:
C3S (2017). ............................................................................................................................................ 12
Figure 6 - The four types of drought, (Meteorological, Agricultural, Hydrological and Socio economic),
and more specifically the type of drought OAL Greece is facing. Blue boxes denote the systems that
are affected by each drought (i.e. Water Supply) and green boxes denote mitigation measures. ...... 14
Figure 7 - Monthly weighted averages by OAL area at 7 points (ERA5) representing 1,616 km² to daily
minimal, mean and maximum 2m air temperature (°C), total precipitation (mm/month) and maximum
daily precipitation (mm/day) relative to 1989-2018 period in OAL Greece (Sperchios River). Data
source: C3S (2017)................................................................................................................................. 15
Figure 8 - Monthly weighted averages by OAL area at 2 points (ERA5) representing 74 km² to daily
minimal, mean and maximum 2m air temperature (°C), total precipitation (mm/month) and maximum
daily precipitation (mm/day) relative to 1989-2018 period in OAL Austria (Vögelsberg). Data source:
C3S (2017). ............................................................................................................................................ 16
Figure 9 - Monthly weighted averages by OAL area at 9 points (ERA5) representing 1,461 km² to daily
minimal, mean and maximum 2m air temperature (°C), total precipitation (mm/month) and maximum
daily precipitation (mm/day) relative to 1989-2018 period in OAL United Kingdom (Catterline). Data
source: C3S (2017)................................................................................................................................. 17
Figure 10 - Monthly weighted averages by OAL area at 9 points (ERA5) representing 876 km² to daily
minimal, mean and maximum 2m air temperature (°C), total precipitation (mm/month) and maximum

D4.2 | Data record on extreme events by OAL and by hazard

vi

GA no.: 776848
daily precipitation (mm/day) relative to 1989-2018 period in OAL Ireland (Dodder River). Data source:
C3S (2017). ............................................................................................................................................ 18
Figure 11 - Monthly weighted averages by OAL area at 7 points (ERA5) representing 1,115 km² to daily
minimal, mean and maximum 2m air temperature (°C), total precipitation (mm/month) and maximum
daily precipitation (mm/day) relative to 1989-2018 period in OAL Hong Kong (New Territories). Data
source: C3S (2017)................................................................................................................................. 19
Figure 12 - Monthly weighted averages by OAL area at 95 points (ERA5) representing 40,450 km² to
daily minimal, mean and maximum 2m air temperature (°C), total precipitation (mm/month) and
maximum daily precipitation (mm/day) relative to 1989-2018 period in OAL China (Shiyang River
Watershed). Data source: C3S (2017). .................................................................................................. 21
Figure 13 - Monthly weighted averages by OAL area at 2 points (ERA5) representing 14 km² to daily
minimal, mean and maximum 2m air temperature (°C), total precipitation (mm/month) and maximum
daily precipitation (mm/day) relative to 1989-2018 period in OAL Australia (Weany Creek). Data
source: C3S (2017)................................................................................................................................. 22
Figure 14 - Analysis of the county ‘Landkreis Lüchow-Dannenberg’. Shown mean monthly precipitation
between 1931-2018 (left) and in comparison to the years 2017 and 2018 (right). Data: Observation
data set HYRAS-PRE v2.1 of the German Weather Service (DWD) in cooperation with the Federal
Ministry of Transport and Digital Infrastructure (BMVI). ...................................................................... 27
Figure 15 - Comparison of the displacement rate derived from an ATTS (black) and time series of snow
height (dark blue) and daily deviation of precipitation from the long-term mean (1989-2018; orange
and light blue) and its cumulative sum (red). The displacement rate and the deviation of precipitation
are shown on a daily basis (thin lines) and as shifting central means with a window size of 50 days. Data
source: ATTS: Federal state of Tyrol, division of geoinformation, snow height (station NavisKerschbaumsiedlung) and precipitation (station Wattener Lizum): Austrian hydrographic service. ... 30
Figure 16 - Evolution of Standard Precipitation Index (SPI) from 1960 to 2013 in Shiyang River Basin
(Zhang et al., 2017)................................................................................................................................ 34
Figure 17 - List of events with the highest daily precipitations (mm) in the last 30 years (1989-2018) at
Weany Creek, and their respective precipitation cumulative evolution starting 5 days before the event.
Data source: C3S (2017). ....................................................................................................................... 35
Figure 18 - Daily mean atmospheric circulation over the North Atlantic Ocean and Europe at 500 hPa
to January 18th, 2014. Data source: C3S (2017). .................................................................................. 43
Figure 19 - Precipitation intensity product from National Department of Civil Protection for each heavy
rainfall period between 17 and 19 January 2014. Adapted from: ARPAE (2014). ................................ 44
Figure 20 - Daily mean atmospheric circulation over the North Atlantic Ocean and Europe at 500 hPa
to February 5th, 2015. Data source: C3S (2017). .................................................................................. 45
Figure 21 - Daily mean atmospheric circulation over Italy at surface level to February 5th, 2015,
highlighting the strong and continuous northwest winds over the OAL Italy coast in the northern
Adriatic Sea. Data source: C3S (2017). ................................................................................................. 46
Figure 22 - Sea level (m) and significant wave height (m) recorded on the oceanographic stations of Po
Delta from 2 to 8 February 2015. The storm-surge event occurred during days 5 and 6. Data source:
Dext3r (2016)......................................................................................................................................... 47
Figure 23 - Monthly mean temperature and Climate Water Balance anomalies in OAL Italy to 2003
relative to the average for 1989-2018. Data source: C3S (2017). ......................................................... 47
Figure 24 - Monthly mean atmospheric circulation over the North Atlantic Ocean and Europe at 500
and 200 hPa to July 2003. Data source: C3S (2017). ............................................................................. 48

D4.2 | Data record on extreme events by OAL and by hazard

vii

GA no.: 776848
Figure 25 - Monthly mean atmospheric circulation anomaly over the North Atlantic Ocean and Europe
to July 2003 relative to the July averages for 1989-2018. Data source: C3S (2017). ............................ 49
Figure 26 - Time series from 30.10.2002 to 31.08.2003 (top panel) and from 30.10.2003 to 31.08.2004
(bottom panel) of daily basin-averaged 3B43 precipitation (blue bars) and river flow at Pontelagoscuro
(black line). The red line indicates the drought threshold (450 m³/s). In the middle panel the daily
temperatures of the two periods are shown. Data source: Dext3r (2016) and TRMM. ....................... 50
Figure 27 - From Tattari et al. (2019), the annual precipitation vs. modelled annual phosphorus load.
............................................................................................................................................................... 51
Figure 28 - a) observed daily precipitation, b) observed monthly precipitation, c) observed daily mean
temperature, d) observed snow depth, and e) modelled total phosphorus concentrations (Tattari et
al., 2019). All observations are from the Punkaharju Laukansaari weather station situated in the Lake
Puruvesi catchment area....................................................................................................................... 52
Figure 29 - Daily mean wind speed (m/s) and geopotential height at 500hPa for OAL Germany on
August 10th-11th-12th-13th, 2002. Data source: C3S (2017)............................................................... 54
Figure 30 - Bracknell charts for 10th-11th-12th-13 h August 2002 at 00:00 UTC. Data Source:
http://www.wetterzentrale.de/............................................................................................................ 55
Figure 31 - Total precipitation (contour plot, mm/day), daily mean wind at 10m (vector plot) and daily
mean sea level pressure (green isobars) for OAL Germany on August 10th-11th-12th-13th, 2002. Data
source: C3S (2017)................................................................................................................................. 56
Figure 32 - Hourly precipitation (mm/h) for OAL Germany on the period 1th July - 31th August 2002.
Data source: C3S (2017). ....................................................................................................................... 57
Figure 33 - Hourly 2-meter temperature (°C) for OAL Germany on the period 1th March - 30th April
2006. Data source: C3S (2017). ............................................................................................................. 58
Figure 34 - Total precipitation (mm) during the periods 30 May - 2 June 2013 and 11 August - 12 August
2002. Data source: C3S (2017). ............................................................................................................. 58
Figure 35 - Daily mean wind speed at 10m (m/s) and mean sea level pressure (green isobars) for OAL
Germany on January 26th, February 8th, 12th, 14th, 26th and 28th, 1990; and September 13th, October 5th
and 29th, 2017. Data source: C3S (2017). .............................................................................................. 60
Figure 36 - Hourly mean sea level pressure (hPa, in grey) and wind speed at 10m (m/s, in green) for
OAL Germany on the periods 16th January - 31th March 1990 and 1th September - 31th October 2017.
Data source: C3S (2017). ....................................................................................................................... 61
Figure 37 - OAL Germany. The black line represents the mean annual cycle of precipitation
(mm/month) computed over the period 1981-2010; grey area represents the spread between the
minimum and maximum values observed for individual months. Blue and red points show the monthly
value for individual years identified as too wet and too dry periods. Data source: C3S (2017). .......... 61
Figure 38 - Total precipitation (mm/day) and streamlines of daily mean wind components at 10 m for
OAL Greece (Sperchios River) on Jan 12th, 1997. Data source: C3S (2017). ........................................ 64
Figure 39 - Daily mean geopotential height (m) and wind speed at 500 hPa for Europe on Jan 12th,
1997. Data source: C3S (2017). ............................................................................................................. 65
Figure 40 - Surface pressure analysis map (hPa) for (a) 29 January at 12:00 UTC (b) 30 January at 12:00
UTC (c) 1 February at 00:00 UTC (d) 2 February at 00:00 UTC, 2015. The maps are derived from UK Met
office surface analysis archive. .............................................................................................................. 66
Figure 41 - Mean Sea Level Pressure (white contours in hPa), geopotential height at 500 hPa (black
contours in gpm) and thickness 1000-500 hPa (color shaded in gpm) for a) 29 January at 12:00 UTC b)

D4.2 | Data record on extreme events by OAL and by hazard

viii

GA no.: 776848
30 January at 12:00 UTC c) 1 February at 00:00 UTC d) 2 February at 00:00 UTC, 2015. The maps are
based on GFS/NCEP analyses and derived from http://www1.wetter3.de/Archiv/. ........................... 66
Figure 42 - Streamflow (m³ s-¹), 3-hour accumulated precipitation (mm) and 3-hour accumulated
snowfall (water equivalent of snow in mm) on 31 January 2015 at 15:00 UTC (a) simulated by the WRFHydro model. b, and d illustrate the above parameters simulated on the 1 February 2015 at 03:00 UTC,
on 2 February 2015 at 00:00 UTC and 2 February 2015 at 18:00 UTC, respectively. Black dots represent
two points at the Spercheios river (stream order 6) and at Inachos (stream order 5), the main tributary
of Spercheios. White dots represent the locations of two automatic monitoring stations at Anthili and
Alamana near the estuary of Spercheios. The stations belong to the Institute of Marine Biological
Resources and Inland Waters (IMBRIW) of Hellenic Center for Marine Research (HCMR). Red dot
represents the location of a meteorological station at Myriki of Karpenisi. The station belongs to
National Observatory of Athens (Katsafados et al., 2018). ................................................................... 67
Figure 43 - Timeseries of precipitation (blue contours; in mm) and streamflow (red contours; in m3 s1) from 29 January at 00:00 UTC to 3 February at 00:00 UTC 2015, for the location at Inachos branch
(a) and for the location at Spercheios river (b) as depicted in Figure 42. ............................................. 68
Figure 44 - Daily satellite images (Meteosat, visible channel) over Greece during events 1, 6 and 8,
respectively. Source: ©EUMETSAT (2019). ........................................................................................... 69
Figure 45 - Seasonal analysis of AI in Sperchios River basin: (a) spring (b) summer, (c) autumn and (d)
winter. Source: Paparrizos et al. (2016). ............................................................................................... 70
Figure 46 - Daily mean (A) wind and height at 500 hPa and (B) wind and relative vorticity at 200 hPa
over the North Atlantic and Europe in 19 May 1999. Data source: C3S (2017). .................................. 72
Figure 47 - Daily total precipitation, daily mean wind at 10 m and daily mean sea level pressure over
OAL Austria during the flood event of 21 May 1999. Data source: C3S (2017). ................................... 73
Figure 48 - Daily mean temperature and sea level pressure over the North Atlantic Ocean and Europe
at surface level to October 11th, 2012. Data source: C3S (2017). ....................................................... 74
Figure 49 - Daily total precipitation, mean wind and mean sea level pressure over the OAL United
Kingdom at surface level to October 12th, 2012. Data source: C3S (2017). ......................................... 75
Figure 50 - Daily mean temperature and sea level pressure over the North Atlantic Ocean and Europe
at surface level to February 2nd, 2002. Data source: C3S (2017). ........................................................ 77
Figure 51 - Daily total precipitation, mean wind and mean sea level pressure over the OAL United
Kingdom at surface level to October 12th, 2012. Data source: C3S (2017). ......................................... 78
Figure 52 - Daily mean wind and geopotential height at 500 hPa over the North Atlantic and the
European continent on October 24th, 2011. Data source: C3S (2017)................................................. 79
Figure 53 - Dublin OAL location map (adapted from Pilla et al. (2019)). .............................................. 80
Figure 54 - Impact on sale and rental prices of proximity to Dodder 1% risk zone and event zone (Pilla
et al., 2019)............................................................................................................................................ 83
Figure 55 - Impact on rental prices of proximity to Dodder flood event zone – before and after 2011
flood zone (Pilla et al., 2019). ................................................................................................................ 84
Figure 56 - Himawari infrared channel (11 micron) images of the evolution of Mangkhut typhoon, from
06.09.2018 (top left) to 17.09.2018 (bottom right). ............................................................................. 85
Figure 57 - Climatological monthly mean geopotential height at 500 hPa and wind at 200 hPa over the
Asian continent to (A) January and (B) July relative to the period between 1989 and 2018. Data source:
C3S (2017). ............................................................................................................................................ 87

D4.2 | Data record on extreme events by OAL and by hazard

ix

GA no.: 776848
Figure 58 - Anomalies of monthly mean geopotential height at 500 hPa and wind speed at 200 hPa
over the Asian continent to July 1991 relative to the period 1989-2018. The wind vector describes
monthly mean to July 1991. Data source: C3S (2017). ......................................................................... 88
Figure 59 - Anomalies of monthly mean geopotential height at 500 hPa and wind speed at 200 hPa
over the Asian continent to August 2013 relative to the period 1989-2018. The wind vector describes
monthly mean to August 2013. Data source: C3S (2017). .................................................................... 89
Figure 60 - Daily mean temperature and atmospheric pressure at surface over Australia showing the
position of the tropical cyclone Justin at Coral sea in March 20th, 1997. Data source: C3S (2017)..... 90
Figure 61 - Daily total precipitation, wind field and atmospheric pressure at surface over OAL Australia
when the tropical cyclone Justin wreaked Weany Creek in March 23th, 1997. Data source: C3S (2017).
............................................................................................................................................................... 91
Figure 62 - Radar Image of the severe tropical cyclone Yasi for Feb 2nd, 2011. The eye is located over
the Coral Sea about 150 km from Cairns, while the OAL Australia is near to Townsville in largest rainfall
area. Data source: BOM (2019). ............................................................................................................ 93

D4.2 | Data record on extreme events by OAL and by hazard

x

GA no.: 776848

List of Acronyms and Abbreviations
CA: Consortium Agreement
CO: Confidential
CRED: Centre for Research on the Epidemiology of Disasters
DoW: Description of Work, referring to the Annex I of the Grant Agreement
EC: European Commission
ECMWF: European Center for Medium-range Weather Forecasting
EM-DAT: EMergency events DATabase
ERA5: 5th generation of ECMWF ReAnalysis
ESA: European Space Agency
EUMETSAT: EUropean organisation for the exploitation of METeorological SATellites
JAXA: Japanese Aerospace eXploration Agency
GA: Grant Agreement
GPM: Global Precipitation Measurement
IR: InfraRed
LEO: Low Earth Orbit
NASA: National Aeronautics and Space Agency
PU: Public
PWM: Passive Micro Wave
OAL: Open Air Laboratory
SLP: Sea Level Pressure
SEVIRI: Spinning Enhanced Visible InfraRed Imager
QA: Quality Assurance
WP: Work Package

D4.2 | Data record on extreme events by OAL and by hazard

xi

GA no.: 776848

IPR: Intellectual Property Rights
No IPR issue on the work done in this Task.

D4.2 | Data record on extreme events by OAL and by hazard

xii

GA no.: 776848

Executive summary
The main objective of Task 4.2 is to provide OPERANDUM with a characterisation of recent (30 years)
hydro- meteorological hazards in the OALs, and to populate the ICT Platform of the Project with a
comprehensive dataset to be further explored.
The OALs preliminary description highlighted the wide spectrum of hazards, environmental conditions
and impacts across the OALs, reflecting in the different criteria and indicators chosen by each OAL to
define “extreme event”, according to their own sensitivity. The interaction with stakeholders and local
Authorities in some cases brought us to consider type of events not originally addressed in the work
plan, but found to be relevant, such as heat waves or strong winds.
The core of the report is the extreme event analysis and classification, where the most representative
event among those selected by OALs are studied in detail, focusing on particular aspects of OAL. As an
example, to complete the description of flood episodes, in case of urban OAL (Ireland), the variation
of houses sale/rental prices was studied, while in a natural OAL (Finland) the modification of the
chemical composition of lacustrine water has been considered. Where possible, i.e. in case of a suitable
number of events, some general characteristics of the events are finally highlighted, with classification
purposes, to be taken as a basis for evaluation of impact of Nature Based Solution (NBS) deployed
under OPERANDUM.
Finally, as a key component of this Deliverable, the data used for the analysis of events presented here,
and for the climatic characterisation of the OALs (carried on under WP3 and WP5) are made available
on the OPERANDUM GeoIKP platform, and a description of the data are included in this report.
The work done under Task 4.2 and reported in this document addresses mainly OPERANDUM Specific
Objectives 1 (Integrate knowledge about NBS efficacy against hydro- meteorological risks) and 2
(Strengthen technology innovation in the area of NBS). In particular, we contribute to reach a number
of results, as summarized in the following Table 1.
Table 1 – Summary of objectives, results and contributions of Deliverable 4.2.
Specific
Objective

Result

Task 4.2 Contribution

SO1

R4 Sensitivity analysis of hydro- meteo
hazards to NBS in Europe

the sensitivity of OALs to the different hazards
before the introduction of new NBS is assessed

SO1

R7 Impact evaluation framework for
new NBS using existing and new KPI

different criteria for the definition of extreme event
are presented

SO1

R8 Guidelines for upscaling and
replication of NBS

different types of analysis are shown, according to
the wide spectrum of hazard/impact combinations

SO2

R11 Novel, flexible, interoperable ICT
platform for NBS demonstration and
exploitation

comprehensive, multidimensional datasets are
uploaded on the Platform to characterize hazards in
OALs

D4.2 | Data record on extreme events by OAL and by hazard

1 / 105

GA no.: 776848

1.

Introduction

The main objective of this Report is to perform a detailed description of the most intense hydrometeorological events occurred in the OALs in the 1989-2018 time frame, with the aim to provide an
assessment of the background (climatological) conditions in our experimental sites, where NBS efficacy
has to be demonstrated in the upcoming Project activities.
The analysis has to take into account the wide spectrum of considered phenomena, combined to the
variety of OALs characteristics, that makes unfeasible any attempt of standardized approach. This
reflects at first in the adoption of criteria to select “extreme events”: the same type of meteorological
event (e.g. heavy rain) has, in general, different impact in each OAL, according to event magnitude and
interaction mechanisms with the ground. Even the adoption of more general severity criteria, such as
“amount of damage”, useful in case of anthropized OALs, fails when the hazard hits natural area, where
the damage is more difficult to be quantified. For these reasons, each OAL provided its own set of
criteria, that are proved to be effective in their area, and used them to select a number of events,
labelled as “extreme”, where to concentrate the analysis. The criteria adopted also reflect, purposely,
how differently hydro- meteorological risks are perceived by the Partners in charge of OALs for this
Project. We finally remark that the data availability in the OALs is extremely variable (in terms of
quality and amount), especially when we want to go back 30 years in the past.
The event analysis cannot be standardized for each OAL/hazard combination for the same reasons. As
an example, floods in Southern Europe OALs often are related to short-living, high-intensity
precipitation events, while floods in Northern Europe OALs are in general related to long-lasting, midto low- precipitation rate systems. The first class of events can be studied effectively by looking at the
hour-by-hour evolution of mesoscale meteorological conditions, while the second class events should
be approached through the calculation of integral (in space and in time) indicators, also taking in to
account soil conditions. Of course, droughts, given their long-lasting nature, need a dedicated
approach too.
In this report we will provide a wide catalogue of criteria, indicators, data, analysis techniques, feature
extraction strategies and synthetic descriptions of extreme events tailored on our OALs, that can be
exploited further in the Project and beyond, addressing in particular the transportability and
replicability issues that are a key outcome of the OPERANDUM activities as a whole.
The work carried on in this Task benefitted from many other Project activities. In particular, we shared
information with: WP1 (Tasks 1.1 and 1.2: inventory on public database and repository for hydrometeorological hazards classification), WP3, (Task 3.1: climatological assessment of OALs; Task 3.4:
criteria and indicators), WP5 (Task 5.1: climatological assessment of OALs), WP7 (Task 7.1: provision
of data; Task 7.2: GeoIKP design). On the same token, we expect that the analyses of hazards in OALs
we provided will help in designing (WP2) and implementing (WP3) NBS, as well as they will be a good
basis to develop monitoring strategies (WP4). The data collected here will populate the GeoIKP (WP7),
and documentation and material could be used for capacity building (WP8) and dissemination (WP9)
activities.
In the introductory Section will be reviewed the available global to local databases of disasters, then
will be addressed the impact of natural hazards in Europe and globally, and finally, a brief description
of the hydro- meteorological hazards object of our study. In Section 2 the 10 OALs are described,
highlighting the major hydro- meteorological risks considered, and discussing the criteria for the
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selection of extreme events in the OALs. In Section 3 the data used and made available through the
GeoIKP are described. Section 4 is devoted to event analysis, where for each OAL one or more
paradigmatic events are analysed, and a table summarizes the main characteristics of all selected
events, while some general conclusions are presented in Section 5.

1.1. Database on Hydro-meteorological hazards
Any attempt to carry on systematic studies on hydro- meteorological hazards and the related
meteorological phenomena, faces at the beginning with the problem to find suitable data. to identify
the “event”, i.e. date and place of occurrence, based on impacts (in the broadest sense) on local socioeconomical and/or bio- geophysical systems, based on the definition of “hazard” as an unsafe
condition that may cause damage to life, injury or other health impacts, property loss, social and
economic disruption, or environmental damage (UNISDR, 2009). The set-up of suitable indicators to
select events, a key issue for our Project, is addressed in many other parts of OPERANDUM (e.g. WP3
and WP6), and in Section 2.2 of this report. The basic information needed to start the study, is the time
and location of the events, keeping in mind that in many cases the hydro- meteorological forcing can
act at significant temporal and spatial distance from the place where its impact is detected. After the
event is correctly identified and referenced, hydro- meteorological data are searched for the analysis,
starting from local repository (through the OALs) to large global dataset, as described in Section 3.
Working at OAL scales, in many cases local Authorities (Civil Protection Agencies, HydroMeteorological Services, River Basin/Local Government Authorities) are usually able to provide
detailed enough dataset for sufficiently long periods in the selected area. At the larger scale (National
to Global), however, the difficulties to find complete dataset increases, especially for poorly gauged
areas, transboundary basins and where economic and political issues hinder environmental
monitoring.
To overcome the lack of global knowledge in hydro- meteorological hazards, several attempts have
been undertaken from public and private entities, focusing on all type of hazards. In 1988, the Centre
for Research on the Epidemiology of Disasters (CRED) of the Catholique Universite de Louvain (Louvain,
Belgium) started the Emergency Events Database (EM-DAT, emdat.be), with the initial support of the
World Health Organisation (WHO) and the Belgian Government. EM-DAT collects basic data on the
occurrence and effects of over 22,000 mass disasters in the world from 1900 to the present day. The
database is compiled from various sources, including UN agencies, non-governmental organisations,
insurance companies, research institutes and press agencies (Wirtz et al., 2012). Given the complexity
of the database structure, the level of details available for each event is extremely variable, depending
on the type of event and on where and when it occurred.
More recently, and with wider goals, the INSPIRE EU Directive is aiming to create a EU spatial data
infrastructure for the purposes of environmental policies and policies or activities with impact on the
environment. In this framework, the INSPIRE Geoportal (established in 2007, and operated by Member
States) task is to provide environmental geospatial information more easily accessible and
interoperable, including spatial or geographical information for a wide range of purposes that support
sustainable development (EC, 2007). Data on Natural Disaster, one of the INSPIRE Theme (included in
the Category “Natural Risk Zones”) are being collected by several Institutions trying to use common
standards and definitions, in order to provide a homogeneous and coherent EU dataset. Other widespectrum repositories, such as MELODIES (Maximizing the Exploitation of Linked Open Data in
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Enterprise and Science) or AVI-SICI (Aree Vulnerate Italiane), originally considered, did not produced
data suitable to our purposes, or were not able to cover the whole period of study.
Form a different perspective, insurance companies collect disaster reports, especially focusing on the
amount of damages, but, given the relevance of these data for their business, usually are not publicly
available. However, Munich Re (Münchener Rückversicherungs-Gesellschaft), one of the leading
insurance/reinsurance company of the world, maintains the NatCatSERVICE, where aggregated
analyses of their data on disasters induced by natural hazards are presented and available in terms of
annual reports and summarizing graphs and tables (Munich Re, 2019). Similarly, the Sigma database,
maintained by another leading insurance company (Swiss Re), provides general figures on the losses
related to disasters caused by natural hazards. We remark that analytic data on events from the
insurance companies are generally not available to third parts, due to their economic value for their
business.
The use of a large database in OPERANDUM, such as EM-DAT, and in particular for this Task, is mainly
to provide the general framework of our activities (see the next Section 1.2) rather than to be a source
of data for detailed studies on OALs, for at least two reasons. Firstly, often the size of the OALs and the
amount of damages are of negligible size and impact at Country to global scales, and are not surveyed
by large databases; secondly, in some case, the type of impact cannot be ranked in terms of common
indicators (money or human life losses) since affect environmental aspects more difficult to evaluate,
such as ecosystem health or the touristic exploitation of a natural area. As a matter of fact, EM-DAT
collects events that reported at least one of the following: 10 people dead, 100 people affected,
declaration of a state of emergency, call for international assistance.
For these reasons, the criteria and the sources to select “extreme hydro- meteorological” events in the
OALs were kept site-specific, without any claim of generality.

1.2. Hydro-meteorological risks in Europe and at global scale
Natural hazards have considerable and potentially highly destructive impacts on human societies and
ecosystems (Paul et al., 2018). Among the four main types of natural hazards in the world, (1)
Geological/geophysical events; (2) meteorological and hydrological events; (3) climatological events;
and (4) other events, including biological (i.e., biological epidemics) and extra-terrestrial (i.e., space
weather hazards), hydro-meteorological disasters (meteorological, hydrological and climatological
events) account for over 87% in terms of the damages including casualties, economic losses,
infrastructure damage and disruption to normal life. They include heavy precipitation, floods,
droughts, landslides, avalanches, heat waves, cold waves, debris flow and storm surges and account
for the dominant fraction of natural hazards and occur in all regions of the world (Figure 1). Regionally,
Asia suffers the most compared to other continents (Jayawardena, 2015) with Europe at the second
place for fatalities, as it is shown in Figure 2.
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Figure 1 - Geographical overview of relevant hydro-meteorological (Meteorological, Hydrological and
Climatological events) related annual overall loss events worldwide 1980-2018. Source: Munich Re (2019).

The term hazard is defined as an unsafe condition that may cause damage to life, injury or other health
impacts, property loss, social and economic disruption, or environmental damage (UNISDR, 2009). A
natural hazard is defined as a physical process, or an event that can potentially cause damage to people
and their properties, infrastructure, social, economic or environmental systems. They can generally be
described by a specific magnitude or intensity and occurrence probability (Paton et al., 2006; UNISDR,
2009). The risk is a combination of the negative consequences of an event and its probability.
Therefore, natural hazard risk refers to the expected consequences of a natural hazard process. It is a
function of the natural hazard, the exposure and the vulnerability (UNISDR, 2009). Disaster is a natural
hazard event that can evolve into a disaster if it causes serious disruption of a community with
widespread human, material, economic or environmental losses (UNISDR, 2009).
The last three decades have seen a worldwide increasing trend in both the number of disasters caused
by natural hazards and their resulting damages. For example, there were 16,585 disaster events during
the period 1980-2018 resulting in $5.08 trillion of damage worldwide, of which 80% were of hydrometeorological class (Munich Re, 2019; Figure 2a). During the period 1998-2018, Europe experienced
2,796 hydro-meteorological related hazards whose overall loss cost reached about $720 billion
(Munich Re, 2019; Figure 2b). McBean (2013) highlighted that hydro-meteorological hazards are
phenomena of the hydrological, meteorological, or oceanographic component, which have the
potential to have an adverse effect on individuals or assets.
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Figure 2 - Overview of relevant hydro-meteorological (Meteorological, Hydrological and climatological) risks:
(a) percentage distribution of hydro-meteorological related loss events worldwide; (b) percentage distribution
of hydro-meteorological related loss events by continents; (c) geographical overview of relevant hydrometeorological loss events across Europe and (d) percentage distribution of hydro-meteorological related loss
events across Europe. Source: Munich Re (2019).

Multiple hydro-meteorological risks may also occur simultaneously, cascading or cumulatively over
time resulting in significant damage to human and infrastructure. Recent studies indicate that global
warming has caused more intense hydro-meteorological hazards (i.e., in term of magnitude, duration
and frequency) over the last century on the global scale (Quevauviller and Gemmer, 2015; Guerreiro
et al. 2018). The detected and projected changes can, in turn, have direct implications for hydrometeorological hazards. Thus, hydro-meteorological risks, as the probability of occurrence of hydrometeorological hazards, are likely to continue increasing in the future if proper adaptation strategies
are not applied. Kreibich et al. (2014) highlights that Europe is expected to face major challenges in
order to adapt and mitigate the consequences of severe weather conditions under future climate
scenarios. For instance, Forzieri et al. (2016) predicted an increase in heat and cold waves, floods,
droughts, wildfires and windstorms with several parts of Europe predicted to be exposed to multiple
climate hazards.
Figure 2 shows percentage distribution of the total numbers of events, fatalities, overall losses and
insured losses across Europe and worldwide. In terms of fractional distribution of hydrometeorological event by continent, Asia dominates the rest of the continents (37% of hydrometeorological events, and 68.8% of fatalities), while North and Central America dominates by overall
loss (50.1%) and insured loss (73.2%), see Figure 2b. Similarly, the percentage distribution by event
type shows that meteorological events dominate all other event types: about 42.9% meteorological
event were frequented, 56.6% fatalities, 55.2% overall losses and 78.7% insured losses in Europe (2d)
and worldwide 1980-2018 (Figure 2a). On the other side, the fatalities related to hydro-meteorological
events across Europe 93.9% dominated by climatological events (extreme temperature, drought and
forest fire), Figure 2d.
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1.3. Hydro-meteorological hazards in the OPERANDUM context
The risk of any hydro-meteorological hazard is thereby typically expressed as the combination of the
negative consequences of an event (i.e., floods, landslides, etc) and its probability as well as the SESs
elements exposed to the hazard and potential impacts (see Section 1.2). One of OPERANDUM ambition
is to evaluate hydro-meteorological risks across 10 OALs by considering the following three steps used
in risk assessment (Fenton and Neil, 2012):
1. Risk identification – finding, recognizing and describing risk;
2. Risk analysis – estimation of the probability of its occurrence and the severity of the
potential impacts;
3. Risk evaluation – comparing the level of risk with risk criteria to determine whether
the risk and/or its magnitude is tolerable.
The hydro-meteorological hazards in OPERANDUM were selected: (1) on the basis of that they occur
in OALs with sufficient regularity and intensity to cause loss of life and injury, and
infrastructure/property/ecosystems damage and; (2) under future climate change in OALs, these
events are nearly all projected to increase in intensity and frequency.
As described in WP1 the OALs of OPERANDUM focus on the following hydro-meteo risks: flooding
(Germany, Ireland, Greece, Austria, Finland and Italy), storm surge (Scotland, Italy, Hong Kong),
drought (Greece, Italy, China Mainland), landslides (Austria, Scotland, Australia). For instance, in the
summer of 2002, heavy rainfall lead to large flooding along the Elbe River (Germany – OAL). The
associated flood risk caused loss of life and damaged substantial part of infrastructure in Saxony,
Saxony-Anhalt, Brandenburg and Mecklenburg-Western Pomerania, Germany; and the estimated loss
amounted to about EUR 12 billion. In total about 36 (21 in Germany) fatalities were observed (GCDR,
2004). Hattermann et al. (2014) assessed flood damages under future climate change for five large
river basins (e.g., the Elbe) and indicated that flood losses are likely to increase significantly under
climate change in the Elbe (see in Section 2.1.3).
Coastal erosion and storm surges are widespread in UK (Yorkshire and Humber, East England, Scotland
and Ireland, and others); and the estimated current damage due to coastal erosion at £15 million per
year, which in the worst case may rise to £126 million per year by 2080 (Foresight, 2004). Projected
changes in the frequency and intensity of storm surges are expected to cause significant economic
loss, ecological damage, and other societal problems along coastal areas across UK, unless
complementary adaptation measures, i.e., NBS, are implemented (Weisse et al., 2014).
Drought risk not only depends on the characteristics of the physical hazard (intensity, duration,
severity), but also on the exposed assets (e.g., crops, people, water intensive industries, natural
ecosystems) and the vulnerability of the affected society and ecosystems. Water shortages can arise
either from increase in water abstractions, or by reducing the available water resources. Many
interdependent parameters contribute to water shortages as human activities and climate change. In
order to have a better understanding of water scarcity, OPERANDUM OALs facing the specific risk will
map all the components and representative variables that can be used to characterize the
phenomenon as well as its impacts (see below in Section 2.1.4). The primary response to both
progressive change and variability of water resources and flows, is ecosystem-based adaptation – a
concept that translates into a range of NBS. If widely implemented, NBS could shift the way water
resources are managed, especially in the context of high-impact floods and droughts. The primary role
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of NBS here is to increase resilience in order to reduce the likelihood that a disaster will happen,
although they can also play a role in post-disaster recovery.
As many hydro-meteorological hazards landslides are also natural occurring hazards (e.g., in Austria,
Scotland), which causes fatalities and significant economic losses (Haque et al., 2016), in various parts
of Europe. Landslides triggered by a combination of meteorological, geological, morphological,
physical and human factors. Hydro-meteorological extremes – heatwaves, droughts and heavy
precipitation are the most common trigger of landslides in Europe. Shallow landslides are mostly
triggered by heavy and/or persistent precipitation events, while deep-seated landslides are only
weakly related to extreme weather or climate events. Of the triggering factors meteorological factors
such as temperature and changes in precipitation patterns will affect rock slope stability conditions
and favour increases in the frequency of shallow landslides, especially in European mountains both
under current and future climate conditions. For instance, surface water runoff caused by heavy
precipitation can induce some types of landslide, i.e., hyper-concentrated, debris flows or mudslides.
Similarly, an abrupt increase in the mean temperature can lead to more evident changes in mountain
environment (i.e. evapotranspiration, snow melting, oscillations in snow-line elevation and
snowfall/rainfall rates, etc.), with significant effects on landslides, mainly rock falls and debris flows.
Nowadays, most of landslide hazards are linked with climate change, thus to improve knowledge on
landslides and their sensitivity to climate change, the Sendai Framework for Disaster Risk Reduction
(SFDRR) 2015–2030 (UNISDR, 2015) focuses on reducing risk and losses by promoting specific actions
that aim to encourage a science–policy interface for effective decision-making, within the context of
landslide risk management.
The severity of the climate change impact is more likely to be associated with changes in the frequency
of extreme weather events than with a drawn-out ‘average’ climate evolution, given that, in the case
of extreme events, a simple change in mean value above a critical threshold can bring about a
disproportionate, non-linear impact. In OPERANDUM OALs, specific and innovative indicators will be
applied to gauge changes in observable and measurable characteristics of natural systems and human
societies that are heavily dependent on the specific hydro- meteorological hazards.
In OPERANDUM OALs, novel NBS will be implemented to address the specific Hydro/Meteorological
risks identified and analysed through participatory and interdisciplinary methods. The effectiveness of
these NBSs will be assessed through innovative monitoring systems and cutting-edge numerical
modelling approaches, aiming to address the full objectives of OPERANDUM and reaching full potential
of the employment of NBS to mitigate the impact of hydro-meteorological phenomena in Europe and
beyond.
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2.

Case selection in the OALs

2.1. OALs structure and current state
In this Section a short description of all the OPERANDUM OALs is presented. OALs are described in
many other Documents of the Project (e.g. Deliverable 3.1), here the focus is on the type of hazard
that hits more frequently the sites, and on the general indication on the type of damage. The past and
future climatic settings of the OALs are addressed by OPERANDUM Tasks 3.1 and 5.1, respectively. The
main hazards occurred in the OALs will be described with more details in Section 2.2 and Section 4).
2.1.1. OAL Italy - Po Valley
The OAL Italy is distributed over three different sites where different hazards occur and affect the
environment and local activities in different ways. The first site is on the Emilia Romagna coast (the
Bellocchio beach) of Adriatic Sea, where the main hazard threatening this area (and the whole North
Adriatic coast) is the storm surge that erodes the sandy beaches and is often able to damage inland
structures. The Bellocchio beach is a fully natural area, limited between a very active touristic hub (Lido
di Spina) and the mouth of the Reno river, while it borders the inland Bellocchio Lagoon from the sea.
In case of storm surge, sea water floods the lagoon, threatening the fresh water ecosystem and
biodiversity. The site preserves natural heritage, historical records and hosts industrial activities (fish
farms) and is embedded in one of the main touristic system of Europe.
The Po Delta Biosphere Reserve is the second site (UNESCO Biosphere Reserve since 2015) is a delta
plain located in northern Italy, produced by the actions of the River Po and recent human activities.
The Po river (652 km long) has headwaters under the northwest face of Monviso (in the Cottian Alps)
and ends at a delta projecting into the northern Adriatic Sea. It has a drainage area of 74,000 km² in
all, of which 41,000 is in montane environments and 29,000 on the plain. The Po delta reserve is
created by the confluence of the main branches of the river, and comprises coastal dune systems and
sand formations, lagoons, fishing ponds, marshes, fossil dunes, canals and coastal pine forests, vast
brackish wetlands and cultivated lands dominated by rice farming. These landscapes provide the area
with a unique identity and a high level of biodiversity due to the extensive range of habitats. The
reserve is an important tourist destination, and tourism together with agriculture and fish farming
constitute the main economic activity of local communities, where, in case of limited river flow due to
drought, salt intrusion may reach several tens of kilometres upstream, damaging the fragile
ecosystems.
The last site is the lowland part of the Panaro River, a right bank tributary of Po River, with the
headwater in the Apennines and a total drainage basin around 2300 km². Panaro, 148 km long, flows
across a very populated area, with many industrial and agricultural activities, including livestock. The
basin is exposed to flooding, especially due to levee erosion, caused by isolated convection, or longlasting cyclonic systems.
According to the last 30 years climatology (Figure 3), the large OAL Italy (20,842 km²) presents daily
mean temperatures varying between 4.7 (January) and 24.6°C (July), resulting in an annual thermic
amplitude about 19.9°C. The daily minimum and maximum averages to temperature do not present a
large variation. Usually, during the winter the daily thermic amplitude is about 5°C, while the summer
months present values around 8°C. The monthly precipitation means ranges from 53.1 (January) up to
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93.6 (November) mm/month, totalizing 870 mm/year, where the mean of maximum daily precipitation
reaches 25.0 mm/day (October), pointing out autumn as the rainy season in the Po Valley.

Figure 3 - Monthly weighted averages by OAL area at 53 points (ERA5) representing 20,842 km² to daily
minimal, mean and maximum 2m air temperature (°C), total precipitation (mm/month) and maximum daily
precipitation (mm/day) relative to 1989-2018 period in OAL Italy (Po Valley). Data source: C3S (2017).

2.1.2. OAL Finland - Lake Puruvesi
The OAL Finland, Lake Puruvesi catchment, locates in eastern part of Finland. The main land-use in this
area is forestry, with minor areas of agriculture and urban land-use. Activities related to these landuses and infrequently occurring high runoff peaks during heavy rain periods and snow melting in
springtime have caused increased nutrient (N, P) and suspended solid loads to the lake Puruvesi, and
further deterioration of water quality. In a future, climate change may induce more changes in hydrometeorological conditions of the area, and therefore increase leaching of elements.
The Lake Puruvesi is unexceptionally oligotrophic, clearwater and low humic lake and its ecological
status is excellent, most of it belongs to the Nature 2000 network. Nevertheless, eutrophication has
increased around the large and shallow basins of the Lake Puruvesi. This is especially alarming in
Vehka-Kuonanjärvi sub-catchment, which is surrounded with drained peatland forest. Conducted
forestry measures have increased nutrient and suspended solid loads to the lake; today the former
sand bottom of the lakes has a thick sediment layer above with high phosphorus content, colour of the
water has changed from clear to turbidity and ecological status of the lakes is only moderate. In the
anoxic conditions, which may prevail in the bottom of the lake, phosphorus does not bind to the
bottom sediments, on the contrary it starts to release and cause eutrophication of the lake.
Furthermore, phosphorus rich sediment moves easily forward, for example, during the strong winds,
to the bigger lake basin, in this context from the Vehka-Kuonanjärvi sub-catchment to the Bay
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Savonlahti and onwards to the other parts of the Lake Puruvesi causing eutrophication of large areas.
Eutrophication of the lake have negative effects on recreation, fishing and biodiversity of the area.
According to the last 30 years climatology (Figure 4), the OAL Finland (1,016 km²) presents daily mean
temperatures varying between -7.4 (January) and 17.7°C (July), resulting in a large annual thermic
amplitude about 25.1°C. The daily minimum and maximum averages to temperature presents a small
daily thermic amplitude about 3°C during winter, while the summer months present values around
7°C. The monthly precipitation means is well defined, ranging from 38.6 (April) up to 90.4 (July)
mm/month, totalizing 721 mm/year, where the mean of maximum daily precipitation reaches 16.6
mm/day (July), pointing out summer as the rainy season in the Lake Puruvesi and the spring as the dry
season.

Figure 4 - Monthly weighted averages by OAL area at 7 points (ERA5) representing 1,016 km² to daily minimal,
mean and maximum 2m air temperature (°C), total precipitation (mm/month) and maximum daily
precipitation (mm/day) relative to 1989-2018 period in OAL Finland (Lake Puruvesi). Data source: C3S (2017).

2.1.3. OAL Germany - Biosphere Reserve ‘Niedersächsische Elbtalaue’
The Biosphere Reserve ‘Niedersächsische Elbtalaue’ (Lower Saxonian Elbe Valley) is part of the
UNESCO Biosphere Reserve ‘Elbe River Landscape’.
The Elbe floodplain was designated as a Biosphere Reserve by UNESCO in 1997. It consists of four
reserves, namely the Biosphere Reserve Mittelelbe in Sachsen-Anhalt, the Biosphere Reserve
Flusslandschaft Elbe-Brandenburg, the Biosphere Reserve Flusslandschaft Elbe—MecklenburgVorpommern, and the Biosphere Reserve Niedersächsische Elbtalaue (EUROPARC, 2011) - where the
OAL Germany is situated. It is a near natural landscape with rich diversity of species. This landscape is
characterized by floodplains with flood channels and oxbow lakes. A flood protection dike separates
the Elbe river from the Elbe marshland with seepage water and fields, forest and settlements. The Elbe
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regularly floods the surrounding countryside. The Biosphere Reserve ‘Niedersächsische Elbtalaue is
located 50 km south-east of Hamburg and reaches from Schnackenburg in the southeast, at Elbe-km
472.5, to Hohnstorf in the northwest, at Elbe-km 569, and has an area of about 568 km². The elevation
of the terrain ranges from 5 m to 109 m above mean sea level. The floodplains are used in various
ways, with a predominance of agricultural land use. Equal portions of 34% are covered by agricultural
fields and grassland areas, while a portion of 22% is covered by forest. The remaining area is divided
equally between water bodies and residential areas (Farghaly et al., 2016).
According to the last 30 years climatology (Figure 5), the small OAL Germany (568 km²) presents daily
mean temperatures varying between 1.6 (January) and 18.7°C (July), resulting in an annual thermic
amplitude about 17.1°C. The daily minimum and maximum averages to temperature present a
significant variation in summer. Usually, during the winter the daily thermic amplitude is small, about
4°C, while the summer months present values around 10°C. The monthly precipitation means ranges
from 47.7 (February) up to 82.6 (July) mm/month, totalizing 719 mm/year, where the mean of
maximum daily precipitation reaches 17.0 mm/day (July), pointing out summer as the rainy season in
the Elbe Valley.

Figure 5 - Monthly weighted averages by OAL area at 7 points (ERA5) representing 568 km² to daily minimal,
mean and maximum 2m air temperature (°C), total precipitation (mm/month) and maximum daily
precipitation (mm/day) relative to 1989-2018 period in OAL Germany (Elbe Valley). Data source: C3S (2017).

The Elbe floodplain suffered from large-scale century flooding in 2002, which caused huge damage in
hazardous areas of the Elbe catchment. Since 2002, Germany has conducted several measures to
improve flood-risk management. Therefore, although the two extreme century floods in 2011 and
2013 were actually higher than that in 2002, they did not cause as much damage as the one in 2002
(Farghaly et al., 2016).
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With regards to the wet and dry cycles, in recent years, farmers in region have noticed an increase of
seasons that are drier and wetter than usual. Both anomalies reduce - for different reasons - the
amount and quality of harvest.
2.1.4. OAL Greece - Spercheios River
Spercheios River is located in Central Greece; it originates from the Tymfristos Mountain, then it flows
to the east through the village Agios Georgios, enters a wide plain (along the towns Makrakomi and
Leianokladi and south of the Phthiotidan capital Lamia) and finally discharges into the Maliakos Gulf at
13 km southeast of Lamia. The area of Spercheios river catchment is 1,616 km² while the average and
highest altitudes are 641 and 2,285 m, respectively. Approximately 32% of the entire catchment is
covered by agricultural land, 2% from built-up areas and 66% from natural vegetation and bare land.
Spercheios has a mean annual water discharge of 62 m³/s, varying between 110 m³/s in January and
22 m³/s in August (Therianos, 1974). Furthermore, the total annual sediment load of the River
Sperchios has been estimated to be in excess of 1.5x106 tonnes/year (Poulos et al., 1997).
Flood events, which are considered the primary hazard of OAL Greece occur regularly exceeding the
channel capacity, affecting most elements of the socio-economic system of the area. For example, on
29th June 1939 a flood discharge estimated at 800m³/s occurred, in response primarily to sudden
snowmelt (Zamani & Maroukian, 1979).
Drought is the second hazard treated in OAL Greece. According to recent meteorological research,
drought incidents show a significant increase in many countries of the world, with significant
economic, social and environmental impacts. Drought is one of the natural hazards whose effects are
not easy to quantify and record because their statistics are usually collected by international
humanitarian organizations. Water abstractions for irrigation purposes represent the highest
freshwater consumption in many European countries today and in OAL Greece as well; significant
amounts of water are usually taken out from rivers and aquifers during the dry period of the year
causing very often detrimental effects to the ecosystems. Depending on the effect in the hydrological
cycle and the impacts on society and environment, different drought types are commonly
distinguished and presented in Figure 6 (MEDROPLAN, 2007):
 Meteorological drought is a period of months to years with a deficit in precipitation or
climatological water balance (i.e., precipitation minus potential evapotranspiration) over a given
region, defined with respect to the long-term climatology. A meteorological drought is often
accompanied by above-normal temperatures and precedes and causes other types of droughts;
 Agricultural drought is a period with reduced soil moisture that results from below-average
precipitation, less frequent rain events, or above-normal evaporation and leads to unsaturated
soil reserves and a deficit in available soil water;
 Hydrological drought occurs when river stream flow and water storages in aquifers, lakes, or
reservoirs fall below long-term mean levels. Hydrological drought develops more slowly because
it involves stored water that is depleted but not replenished. Time-series of these variables are
used to analyse the occurrence, duration and severity of hydrological droughts;
 Socio economic drought relates to the availability and the requirements of certain economic
goods or services combined with the three previous forms of drought.
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The most serious impact is on social and economic situation of a region, because the need of goods
increases as long as stocks are declining. Figure 3 illustrates the four types of drought and more
specifically the type of drought OAL Greece is facing, which is related to overuse of water sources for
irrigation purposes.

Figure 6 - The four types of drought, (Meteorological, Agricultural, Hydrological and Socio economic), and more
specifically the type of drought OAL Greece is facing. Blue boxes denote the systems that are affected by each
drought (i.e. Water Supply) and green boxes denote mitigation measures.

Drought periods, in the sense described above, contribute to significant losses of agricultural crops
(Karl and Koscielny, 1982; Austin et al., 1998; Quiring and Papakryiakou, 2003); disasters in natural
ecosystems (Kogan, 1995; 1997) increase the risk of forest fire (Orwing and Abrams, 1997; Abrams et
al., 1998; Pausas, 2004) ,cause soil degradation and enable desertification processes (Glantz, 1994;
Bruins and Berliner, 1998; Nicholson et al., 1998; Pickup, 1998); social anxiety (Morales et al., 2000),
malnutrition and bankruptcy (Garcia, 1984; Kanti, 1998).
According to the last 30 years climatology (Figure 7), the OAL Greece (1,616 km²) presents daily mean
temperatures varying between 3.6 (January) and 23.5°C (July), resulting in an annual thermic
amplitude about 19.6°C. The daily minimum and maximum averages to temperature present a large
variation during the whole year, leading the daily thermic amplitude to levels about 8°C (winter) up to
12°C (summer). The monthly precipitation means ranges from 33.4 (July) up to 114.4 (December)
mm/month in a well-defined cycle in the Spercheios River region, with the rainy season during winter
months and the dry season during the summer month, totalizing 887 mm/year. Curiously, the mean
of maximum daily precipitation reaches relevant levels about 26.8 mm/day (January), which
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represents ¼ of the month precipitation, approximately, showing that the main amount of
precipitation during these months results from only a small number of heavy rainfall events.

Figure 7 - Monthly weighted averages by OAL area at 7 points (ERA5) representing 1,616 km² to daily minimal,
mean and maximum 2m air temperature (°C), total precipitation (mm/month) and maximum daily
precipitation (mm/day) relative to 1989-2018 period in OAL Greece (Sperchios River). Data source: C3S (2017).

2.1.5. OAL Austria - Vögelsberg
The landslide in the OAL Austria is an active sub-system of a deep-seated gravitational slope
deformation (DSGSD) located next to the town of Wattens in Tyrol (Austria). The whole slope ranging
from approximately 750 to 2,000 m covering an area of about 5.5 km² has likely been repeatedly active
(in terms of movement) at least since the last glacial maximum (LGM) 22,000 years ago. Currently, a
sub-system of the DSGSD in the lower part of the slope shows enhanced movement with annual
displacements of up to 6 cm/year. The currently active area of about 0.25 km² is covered by agricultural
areas including meadows and pasture and local forest patches. Furthermore, nine buildings and
infrastructure are present in the active area, showing signs of damage due to the ground motion. The
movement of the currently active part of the landslide is being monitored by continuous
measurements using an automated tracking total station (ATTS) and periodic laser scanning acquired
from a terrestrial (TLS) and an unmanned aerial vehicle (UAV) platform. Phases of acceleration
correlate with moist periods of excessive, above-average rainfalls. In addition, enhanced infiltration of
melt water during snow melt in spring may result in increasing movement rates. This cutting-edge
measuring system allows the detailed monitoring of slow motion of the slope (≈cm/year).
Secondary geomorphological processes come along with the slope movement. In October 2008, the
landslide’s footslope collapsed after prolonged, intense rainfalls, destroying arable land. Furthermore,
the downslope moving material continuously narrows and lifts up the riverbed of the Watten stream
below, bearing the potential of severe debris flows.
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According to the last 30 years climatology (Figure 8), the small OAL Austria (74 km²) presents daily
mean temperatures varying between -6.2 (January) and 12.4°C (July), resulting in an annual thermic
amplitude about 18.7°C. The daily minimum and maximum averages to temperature present a large
variation during the whole year, leading the daily thermic amplitude to levels about 8°C (winter) up to
12°C (summer). The monthly precipitation means presented an elevated amount during the whole
year, ranging from 83.3 (January) up to 212.17 (July) mm/month, totalizing 1672 mm/year and
highlighting winter as the main rainy season. The mean of maximum daily precipitation varies from
16.6 (February) to 33.0 mm/day (August), showing that heavy precipitations are widespread in
Vögelsberg.

Figure 8 - Monthly weighted averages by OAL area at 2 points (ERA5) representing 74 km² to daily minimal,
mean and maximum 2m air temperature (°C), total precipitation (mm/month) and maximum daily
precipitation (mm/day) relative to 1989-2018 period in OAL Austria (Vögelsberg). Data source: C3S (2017).

2.1.6. OAL United Kingdom - Catterline
OAL-UK Catterline Bay is located in Northeast Scotland (Aberdeenshire; WGS84 Long: -2.21° Lat:
56.90°), within the Northwest part of the North Sea basin. The site belongs in the climatic temperate
humid region, with a mean annual temperature of 8° C and mean annual rainfall of ca. 600 mm. The
OAL’s landscape is dominated by sloped terrain and cliffs running into a cobbled beach, which encloses
the sea in a stunning half circle bay where seals and sea birds breed and shelter. The slopes and cliffs
are mainly vegetated with early successional plant communities (i.e. herbs and grasses) surrounded by
a mixture of areas dominated by riparian trees and shrubs. The sea has a limited influence on the site’s
vegetation cover, as south-westerly winds prevail in the area.
Severe shallow landslides, surface erosion, and coastal erosion episodes have occurred in the past as
a result of prolonged rainfall periods and sea storms coincident with spring tides. This small-scale OAL
is a relevant cultural and natural heritage site due to scenic beauty, portrayed by renowned Scottish
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painters during the last century. The site lies adjacent to the Fowlsheugh coastal nature reserve, known
for its high cliff formations and habitat supporting prolific seabird nesting colonies. Catterline Bay hosts
a small residential community (ca. 150 inhabitants) settled atop the cliffs and slopes. Catterline’s
residents use the slopes, cliffs, beach and shores for recreational purposes, only. There is also a diver’s
club that is operative during the summer months and maintains an access road to the beach.
Catterline’s residents are actively involved in the implementation of Nature-based Solutions (NBS)
against landslides and coastal erosion hazards through the formation of the Catterline Braes Action
Group – i.e. CBAG (https://www.cbag.org.uk/).
According to the last 30 years climatology (Figure 9), the very small OAL United Kingdom (0.61 km²),
here represented by an alternative area of 1,461 km² which presents daily mean temperatures varying
between 4.3 (February) and 13.9°C (August), resulting in a small annual thermic amplitude about 9.7°C.
And, consequently, a small daily thermic amplitude during the whole year (4-5°C). The monthly
precipitation also presented a small variation during the year, ranging from 62.7 (May) up to 96.8
(October) mm/month, totalizing 888 mm/year. While, the mean of maximum daily precipitation varies
from 12.1 (April) to 19.6 mm/day (October) in Catterline.

Figure 9 - Monthly weighted averages by OAL area at 9 points (ERA5) representing 1,461 km² to daily minimal,
mean and maximum 2m air temperature (°C), total precipitation (mm/month) and maximum daily
precipitation (mm/day) relative to 1989-2018 period in OAL United Kingdom (Catterline). Data source: C3S
(2017).
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2.1.7. OAL Ireland - Dodder River
The River Dodder is one of the most important rivers in the Dublin area. Its origins on the Kippure
(Dublin) mountain and meets River Liffey near Ringsend. At Bohernabreena located at the upper reach
of the river, a reservoir system had been constructed between 1893-1897 and has been one of the
major water supply sources for Dublin city and suburban. The length of Dodder River is approximately
27 km and, due to high slopes in the catchment area, the upper and middle section of the river is highly
susceptible to flooding during periods of extreme rainfall events. In the lower section of the river,
ranging from Ballsbridge to Ringsend is susceptible to tidal flooding. Recent flood events indicate that
the river can exhibit maximum flow up to 250 m³/s.
Even though the length of the river is small, it has several tributaries, of which the significant ones are
the Tallaght Stream, the Owendoher, the Whitechurch, the Little Dargle and the Dundrum Slang. As
the size of the river basin is small with steep slopes, it usually takes 2-3 hours to reach the water from
upstream at the mountains to downstream at Ringsend, termed as lead times. Flood mitigation
measures can be used to improve estimation of lead times and reduce flood risk and damages.
According to the last 30 years climatology (Figure 10), the very small OAL Ireland (0.98 km²), here
represented by an alternative area of 876 km² which presents daily mean temperatures varying
between 5.4 (February) and 15.2°C (July), resulting in a small annual thermic amplitude about 9.8°C.
And, consequently, a small daily thermic amplitude during the whole year (4-5°C). The monthly
precipitation also presented a small variation during the year, ranging from 65.5 (April) up to 90.6
(November) mm/month, totalizing 935 mm/year. While, the mean of maximum daily precipitation
varies from 11.8 (February) to 20.2 mm/day (October) in Dodder River region.

Figure 10 - Monthly weighted averages by OAL area at 9 points (ERA5) representing 876 km² to daily minimal,
mean and maximum 2m air temperature (°C), total precipitation (mm/month) and maximum daily
precipitation (mm/day) relative to 1989-2018 period in OAL Ireland (Dodder River). Data source: C3S (2017).

D4.2 | Data record on extreme events by OAL and by hazard

18 / 105

GA no.: 776848
2.1.8. OAL China Hong Kong - Hong Kong area
Hong Kong is a mountainous area submerged by the sea. The OAL HK is set mainly for urban site and
rural site. The urban OAL will be set in Kowloon Peninsula (22.3186° N, 114.1796° E). Kowloon, covering
47 km² area, is the most urbanised and populous area in Hong Kong. The urban area of Kowloon
Peninsula is with high-dense and high compact morphology. The maximum value of plan area fraction
can reach 0.97. The main building height is 55.2m. More than 2 million people live in Kowloon, which
accounts for around 30% of the total population in Hong Kong. Victoria Harbour stands between
Kowloon and Hong Kong island. Undeveloped rural area is also surrounded around this highly compact
urban area, which provides great chance to learn the influence of urbanisation. The Green, Landscape
and Tree Management (GLTM) as well as other departments might be involved for cooperation for
potential NBS. The rural OAL will be set in the “New Territory of Hong Kong” (22.3704° N, 114.1234°
E). The New Territory of Hong Kong is one of the three major regions in Hong Kong, which borders the
mainland China. It covers around 90% of the total area in Hong Kong. Nearly 52% of Hong Kong
residents live here. The majority of the land in New Territory is undeveloped. The large, naturally
formed flat area are concentrated in the north-west New Territories, which is close to the Peral river
estuary. This region is characterized by significant biodiversity, wood, shrub, grass and wetland. with
wood, shrub, grass and wetland, and it is characterized by significant biodiversity, especially birds and
butterflies.

Figure 11 - Monthly weighted averages by OAL area at 7 points (ERA5) representing 1,115 km² to daily minimal,
mean and maximum 2m air temperature (°C), total precipitation (mm/month) and maximum daily
precipitation (mm/day) relative to 1989-2018 period in OAL Hong Kong (New Territories). Data source: C3S
(2017).

The Green, Landscape and Tree Management (GLTM) as well as other departments might be involved
for cooperation for potential NBS. As the frequency of extreme heat events and the intensity of major
typhoon case have been on the rise in recent years, ourThe focus of the OAL is deploying NBS to face
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especially super typhoons and heat waves, these issues by planting trees and better building
configuration design., by planting trees and better building configuration design. Extreme heat events
and the intensity of major typhoons have been on the rise in recent years in Hong Kong. The climate
in Hong Kong, especially urban area, is expected to be improved by the deployment of NBS.
According to the last 30 years climatology (Figure 11), the OAL Hong Kong (1,115 km²) presents daily
mean temperatures varying between 15.7 (January) and 28.6°C (July), resulting in a small annual
thermic amplitude about 12.9°C, typical of tropical regions. The daily minimum and maximum averages
to temperature present also a small variation during the whole year, leading the daily thermic
amplitude to levels about 4°C. The monthly precipitation means presented an elevated amount mainly
during the summer, ranging from 32.7 (December) up to 307.5 (July) mm/month, totalizing 1 768
mm/year and highlighting the summer as the main rainy season. The mean of maximum daily
precipitation varies from 12.3 mm/day (December) to 57.2 (July), showing that very heavy
precipitations can occur in Hong Kong New Territories.
2.1.9. OAL China Mainland - Shiyang River Basin
The OAL in China-mainland, Shiyang inland river basin, locates in at the Hexi Corridor, central-west
Gansu province, northwest China, which includes the whole Wu Wei County, Gu Lang County, Min Qin
County, Jin chang County and part of the Tian Zhu County and Su Nan County. The geographic
coordinate is about 10°07’-39°24’N, 101°22’-104°04’E. The main flow of Shiyang River, which originates
from the Qilian Mountain and flows into the Tenggri desert, is about 300 km long and the area of
drainage basin is 4.1×104 km². Shiyang River basin consists of two sub-basins, namely Wu Wei basin in
the south and Min Qin basin in the north. Wu Wei basin lies in a depression at the foot of the Qilian
Mountains, and Minqing basin borders Wuwei basin to the south, Tenggri desert to the east and north,
and Longshou mountain to the west, which separates the Shiyang River basin into the two sub-basins.
Shiyang River basin has features of arid to semiarid areas, and is a typical region of arid continental
inland climate, characterized by low and irregular rainfall, high evaporation and eminent drought
periods, etc. Due to the altitudinal gradient, the basin’s climate has an obvious zonation. In the
southern mountain area, the climate is wet and cold with a mean annual precipitation ranging from
200–700 mm. In the middle reach, the climate becomes very dry and the mean annual precipitation is
only 150 –200 mm. In the Min Qin Basin, which locates in the down reach, the mean annual
precipitation is less than 150 mm, but the mean annual evaporation can reach 2,000 to about 2,650
mm. The mean annual precipitation shows a progressively decreasing trend from south to north.
According to the last 30 years climatology (Figure 12), the large OAL China (40,450 km²) presents daily
mean temperatures varying between -9.8 (January) and 20.6°C (July), resulting in an exorbitant annual
thermic amplitude about 30.4°C explained by the absence of water in this desertic atmosphere. The
daily minimum and maximum averages to temperature present a large variation during the whole year,
leading the daily thermic amplitude to levels about 11°C (July) up to 14°C (February). The precipitation
shows a very small amount of rainfall during the whole year (337 mm/year) in the Shiyang River
Watershed, where monthly means ranges from the very small amount about 3.5 mm/month in
December up to 69.9 mm/month in August, defining the rainy season during winter months. The mean
of maximum daily precipitation reaches levels about 15.6 mm/day (July), which represents ¼ of the
month precipitation, approximately, showing that the main amount of precipitation during these
months results from only a small number of rainfall events.
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Figure 12 - Monthly weighted averages by OAL area at 95 points (ERA5) representing 40,450 km² to daily
minimal, mean and maximum 2m air temperature (°C), total precipitation (mm/month) and maximum daily
precipitation (mm/day) relative to 1989-2018 period in OAL China (Shiyang River Watershed). Data source:
C3S (2017).

With the zonal change of climate along the Shi Yang River, the vegetation and soil also present the
same change. In the up reach, the vegetation is Alpine meadow, Alpine steppe, Forest steppe, and
steppe and desert steppe separately from the high area to the low area, accordingly the soil is Alpine
desert soil, Alpine meadow soil, Sub-Alpine shrub meadow soil, Hilly gray-brown soil, Hilly chernozem
soil, Hilly chestnut soil, and Hilly gray calcium soil. In the middle reach, the vegetation is shrub and
grass family; the soil is gray calcium soil. In the down reach, the vegetation is shrub and the soil is gray
brown desert soil; and the salt soil, meadow soil and marsh soil can be seen in the lower regions; and
the irrigation soil distributes mainly in the oasis.
About 40 hundred years ago, herding is the main live hood in Shi Yang River Basin, while agriculture
starts from Han Dynasty (about 20 Hundred years ago). Due to the drought climate, the traditional
irrigation agriculture is the main agriculture measure. Cotton, wheat and fennel, melon and
watermelon are the main crops. Since 1940s, the rapid increase of population in Shi Yang River results
in the increase of irrigation farmlands, and much grassland has been reclaimed and become farmlands.
The increase of farmland and traditional flood irrigation measure induce the high use rate of water
resource. The use rate of the whole water resource in Shi Yang River Basin is 148.58% and the net use
rate is 87.36%.
2.1.10. OAL Australia - Weany Creek sub-catchment
The Weany Creek is a headwater catchment placed over a 13.5 km² gentle slopes in Queensland
territories, northern Australia, with a main water channel of 14 km of extension which breaks into two
arms approximately 4 km upstream of the catchment outlet. This hydrological system is embedded in
the fifth largest river in Australia, the Burdekin, over a catchment area of 130,000 km² flowing directly
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to the Pacific Ocean. In catchments adjacent to the Great Barrier Reef World Heritage Area
(https://whc.unesco.org/en/list/154), there is a growing concern that sediments and nutrients being
exported from the land are having a detrimental effect on coral reef communities. According to Bartley
et al. (2007), the main source of erosion in Weany Creek is gully erosion that, due to the natural
hydrogeomorphic processes involved in gully initiation and expansion, have its sediments transported
to the receiving waters and, hence, impact on the Great Barrier Reef. The total length of the gullies in
the Weany Creek catchment is ∼61 km with a drainage density of 4.5 km/km² (Heine, 2002), which is
much higher than the Australian average of 0.13 km/km² defined by Hughes et al. (2001). The high
gully density and erosion rates found in Weany Creek reflects the history of soil erosion on the highly
dispersive soils (Prosser et al., 2001). Suspended sediment from other similar sized grazed catchments
on granodiorite soils in the Burdekin catchment are as low as those from Weany Creek (Post, 2005),
suggesting that the drought conditions have played an important role in the low fields. In fact, the
Weany Creek presents a semi-arid climate with long-term average annual rainfall about 584 mm based
on the 105 years record at Fanning River Station located ∼2 km NE of Weany Creek. But, the
relationship between the precipitation and this catchment system is ephemeral and generally the main
water channel only flows after storms with rainfall levels higher than 30 mm (moderate). The rainfall
distribution within the catchment can vary considerably, particularly during the wet season when
storm cells can produce heavy rain in isolated parts of the catchment (Bartley et al., 2007). It is also
important to recognise that when a large rain depression (or tropical cyclone) does hit the Weany
Creek area, there is potentially ample fine sediment stored on the hillslopes, as well as coarse sediment
stored in the channel, available for mobilisation. The increased sediment flux associated with drought
breaking events has been identified in the coral record (McCulloch et al, 2003).

Figure 13 - Monthly weighted averages by OAL area at 2 points (ERA5) representing 14 km² to daily minimal,
mean and maximum 2m air temperature (°C), total precipitation (mm/month) and maximum daily
precipitation (mm/day) relative to 1989-2018 period in OAL Australia (Weany Creek). Data source: C3S (2017).
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According to the last 30 years climatology (Figure 13), the small OAL Australia (14 km²) presents daily
mean temperatures varying between 17.4 (July) and 26.8°C (January), resulting in a small annual
thermic amplitude about 9.5°C, typical of tropical regions. As a semi-arid region, the daily minimum
and maximum averages to temperature present a large variation during the whole year, leading the
daily thermic amplitude to levels about 9°C (March) up to 14°C (September). The precipitation shows
a very small amount of rainfall during the winter months (9.5 mm/month in September) up to
significant amounts during the summer months (152.7 mm/month in February) in the Weany Creek
area. The mean of maximum daily precipitation reaches levels about 38.6 mm/day in January and
February, showing that the main amount of precipitation during these months results from only a small
number of rainfall events.

2.2. Criteria for “extreme events” selection in the OALs
The heterogeneity of the OALs in terms of size, land use, vulnerability, exposure, ecosystems and
structures is undoubtedly a strength and a richness of OPERANDUM. However, this makes difficult to
process all OALs (and all hazards within OALs) with a standard approach. The same hazard takes place
in different OALs with different impacts, frequency, severity, scales and amount and type of losses. A
wide range of climatic region are considered in OPERANDUM, so that similar meteorological settings
can develop with different dynamics and effects in different regions. Finally, it has to be mentioned
that the amount and quality of the data available for each OAL is extremely variable, with sites with
long lasting (30 years, for our purposes) records of high-quality observation and sites where the
monitoring is more recent or incomplete.
For these reasons, we decided to leave to each OAL the task to select the “extreme events” in the last
30 years (1989-2018), according to how the OAL components perceive the events severity and how
population, structures and ecosystems are prepared and react to the hazard. In the next subsections,
for each OAL, the criteria for the selection of “extreme events” are outlined, and a table that
summarizes general attributes of the events is presented.
2.2.1. OAL Italy - Po Valley
Three hydro-meteorological forcings act on the OAL sites: flooding, storm surge and drought. Then,
different databases and criteria are used to select relevant cases in the time frame between 19892018. River flooding within OAL Italy is mainly concentrated over the Panaro river area, a tributary of
the Po river. According to the authority of the Po river (AIPo), since the monitoring system was installed
(early 2000) a total of 16 relevant flood events were reported based on the river height at the
Bomporto hydrological station. The whole events in the list reached the “orange” alert threshold (i.e.
river level higher than 9.2 m), while the “red” threshold (i.e. river level higher than 10.8 m) was never
reached. Here, the main analysis will focus on two cases: the event of 19.01.2014, known by significant
erosion on the dam's area and the flooding of the nearby river Secchia, and the event of 11.12.2017,
when the timely intervention along the river embankments greatly limited the impact of the flood. It
has to be mentioned that the main flooding of the Panaro River occurred before the period under
study in this Project, in 1982: after this event a detention basin was built upstream.
The MICORE Project (EC FP7 under GA n° 202798) and subsequent work carried on by ARPAE, provided
a short list of around 20 significant storm surge events occurred on Emilia Romagna coast considering
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two basic criteria: the sea level anomaly (SL, computed as the water level above the mean sea level)
and the significant wave height (SWH) defined as the mean wave height, trough to crest, of the highest
third of the waves (Perini et al. 2011; 2018). Severe events (i.e. with significant impact on the coast)
were selected according to three threshold types: 1) SL>0.8 m, 2) SWH>3.0 m, 3) SL>0.7 m and
SWH>2.0 m. Among these events, a further criterion is applied to select the extreme cases in the period
1898-2018: the so called “energetic class” (Dolan and Davis, 1992) which is computed from the
calculation of the square of SWH multiplied for the duration in hours. Four events reached the severe
classification in this scale (class 4), and were finally selected, while no cases of class 5 episodes
(extreme) were found in our database.
Table 2 - List of relevant events of flood, storm-surge and drought in OAL Italy in the period 1989-2018.
Event

Dates

Flood

19/01/2014

Flood

Storm
Surge
Storm
Surge
Storm
Surge
Storm
Surge

Location

44.416°N
10.564°E
11-15/12/2017 44.812°N
11.221°E
26-27/12/1996 Veneto,
Emilia
Romagna
14-19/11/2002 Veneto,
Emilia
Romagna
05-07/02/2015 Veneto,
Emilia
Romagna
15-19/01/2017 Veneto,
Emilia
Romagna

Drought 24/06-25/08
2003
Drought 11/06-21/08
2005
Drought 06.06-17.08
2006

Po Valley
Po Valley
Po Valley

Type of damage

Losses

Additional Solutions
Information
Infiltration of the embankment €500 M ¹11.23 m
Storage areas
with risk of failure
upstream
Closure of bridges and roads,
€5M
¹10.38 m
Storage areas
reinforcement of levee with
upstream
sandbags
Beach erosion, mussel breeding --²4.2 m
Hard and soft
sites and bathing facilities
³0.7 m
defence
damaged, inland flooding
structures
Beach erosion, river flooding
€1M
²3.6 m
Hard and soft
³0.7 m
defence
structures
Inland flooding, coastal erosion €7.5M ²4.7 m
Hard and soft
(7 105 m³), damages to tourist
³1.3 m
defence
facilities, defenses and harbors.
structures
beach erosion and marine
--²3.62 m
Hard and soft
flooding. Damages to
³0.51 m
defence
infrastructures, defense
structures
structures and to bathing
facilities.
Heath wave (anticipated
--⁴47 days
water use
irrigation)
⁵20×109m³ restrictions
Record minimum level at
--⁴60 days
water use
Pontelagoscuro
⁵38×109m³ restrictions
First attempt of integrated
--⁴70 days
water use
drought management
⁵77×109m³ restrictions

Legends: ¹Maximum river level; ²Maximum significant wave height; ³Sea level; ⁴Duration; ⁵Severity.

Drought can be defined in different ways, according to the cause, the impact and the impacted system:
meteorological, hydrological, agricultural and economic. In the case of OAL Italy, the main impact of
the drought condition we want to address is on the saltwater intrusion, that can extend inland for
several tens of kilometres, in the worst cases. We therefore focus on the “hydrological drought”, that
can be defined with different indicators. Given our interest for the Po Delta area, the hydrographic
station selected for the analysis is Pontelagoscuro, few kilometres inland the Delta ramification (AIPo,
2016a). The Pontelagoscuro station has measurements of river flow since 1923: the analysis of basin
averaged precipitation and river flow in our period (1989-2018) shows relative abundance of water in
the first part (with the exception of 1990) and water scarcity in the years from 2002 to 2007. According
to AIPo a reliable threshold to assess the state of drought is the daily average river flow of 450 m³/s,
as measured in Pontelagoscuro (AIPo, 2016a). This condition was verified in 6 events longer than a
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week and to further investigate the more intense events, we also computed the severity of the event
as the total water deficit (in m³): the total amount of water, during the drought period, below the flow
threshold. Finally, we selected the three events with the highest severity, occurred in 2003, 2005 and
2006. Table 2 summarizes the main characteristics of the selected events.
2.2.2. OAL Finland - Lake Puruvesi
In the OAL-Finland the main land-use is forestry, with minor areas in agriculture and urban land-use.
Activities related these land-uses and infrequently occurring of high runoff peaks due to heavy rain or
snowmelt (see Table 3) impose nutrient (P, N) and sediment load risks and thus threaten recreation,
fishing (professional and recreational) and biodiversity of the area.
Table 3 - Extreme events in the OAL Finland during the last 30 years (source: Finnish Meteorological Institute,
Centre for Economic Development, Transport and the Environment).
Event
Dates
Rain storm 11/1996

Location
61°54′N
29°30′E
Dry period 01/08/2002- 61°54′N
30/04/2003 29°30′E

Type of impact
---

Rain storm 10/2006

---

61°54′N
29°30′E
Rainfall
Winter
61°54′N
out ⁵GS
2007-2008 29°30′E
Heat wave 07/2010
61°54′N
29°30′E
Storm
29/07/2010 61°54′N
29°30′E
Flood
2009, 2012 61°54′N
29°30′E

Changes in the ecosystem of riparian zone, changes were
especially seen in aquatic flora > 5 % less than average
surface water level Reduced recreational use.

Snow cover and temperature were less than in normal
winters
--forest damage: fell trees
Erosion on the shoreline, increased nutrient load, increased
sediment (suspended solids), increased presence of bluegreen algal > 3% (area) over average surface water level
Water logging problems on the shore area

Observations
¹104.7 mm
²53 mm
³261.8 mm
²443 mm
¹125.3 mm
²61 mm

⁴21.7°C
²17.4°C
--Sudden
snow
melting

Legends: ¹Monthly precipitation; ²Normal; ³Event precipitation; ⁴Growing Season; ⁵Monthly average temperature.

The extreme events of OAL-Finland were selected based on their severity in the time frame between
1989-2018 (Table 3), consultation with stakeholders, and search in media. In particular, consultation
took place with the Centre for Economic Development, Transport and the Environment and the Finnish
Meteorological Institute, while websites of the Finlands environmental administration (ymparisto.fi),
the Finnish Meteorological Institute (https://www.fmi.fi), and the national news (Yle, Helsingin
Sanomat) were searched.
Year’s 2012 spring snowmelt was selected to be our main extreme case event due to the observed
high precipitation amounts during winter 2011-2012, modelling results by Tattari et al. (2019) showing
that in particular in spring 2012 there were signs of increased nutrient and suspended solid leach to
the Lake Puruvesi, and high water levels observed in August 2012 (see Table 3). The high-water levels
due to the spring snowmelt were not observed before July due to the fact that Lake Puruvesi - one of
the major basins of Europe's fourth largest lake: Saimaa - is located in the bottom parts of the
catchment area and its water level reacts slowly to runoff changes. Further, the development of a flood
in Lake Puruvesi always requires a long wet period and the water level of the previous year also affects
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the development of extreme high water levels. The largest floods in the Lake Saimaa have been
observed in July-August and those have been caused by spring snow melt. Our extreme case event of
spring snowmelt in 2012 was preceded by a wetter than average winter 2011-2012 and a wetter than
average whole year 2011 in the Lake Puruvesi catchment area. In 2012 the water levels were at highest
in August and lasted about 6 months. In addition to extreme events related to high precipitation
amounts in OAL Puruvesi, we report an extreme dry period in 2002-2003 followed by low surface water
levels, and a heatwave followed by a severe storm Asta in July 2010 (see Table 3).
2.2.3. OAL Germany - Biosphere Reserve ‘Niedersächsische Elbtalaue’
The scanning of literature, reports from local authorities as well as newspaper articles (comprehensive
but not exhaustive) for extreme events leading to substantial damage provided the following picture:
eight documented flood events between 1981 and today, six storm events (plus one tornado), six years
with dry conditions and two with too wet conditions (see Table 6). Some of these events did not only
affect the OAL-Germany because of their large-spatial extend leading to damages Germany-wide (see
Table 6).
In the course of the dialogues with our stakeholders in the OAL-Germany, it became obvious that two
main hazard types are of most concern in that region: flooding (Table 4) but also low water level of the
Elbe river (Table 5), on the other hand the alternating occurrence of wetter but also drier conditions
(Figure 14). Elber River floods can lead to large damages. For example, the large-scale century flooding
in 2002, 21 people were killed in Germany, 100 people were injured, and 200,000 people were
evacuated from the 300 km² inundation extent area along 800 km of the Elbe river, resulting in
economic losses of 11.6 billion (Farghaly et al, 2016).
Table 4 - Peak flood levels in 2002, 2006, 2011 and 2013 (data from the Federal Waterways and Shipping
Administration (WSV) and BAW, 2013).
Where
Hitzacker (administrative office of biosphere reserve)

23/08/2002
750 cm

09/04/2006
763 cm

22/01/2011
770 cm

11/06/2013
818 cm

Since 2002 several measures to improve flood-risk management and reduce the flood hazards have
been conducted. Table 4 shows, the Elbe peak flood levels in the river section of the biosphere reserve.
The flood in June 2013 with a water level, which exceeded the maximum levels of 2002, 2006 and 2011
by up to 68 cm. In contrast to the previous floods, however, the flood did not cause as much damage
as the one in 2002 (Farghaly et al, 2016, Flussgebietsgemeinschaft, 2013). The reason was that for
instance the new flooding area of the dike relocation at Lenzen (finished in 2009) was first effectively
flooded hydraulically (BAW, 2013). The resulting maximum reduction compared to the condition
without dike relocation was 49 cm (Bundesanstalt für Gewässerkunde, 2014).
Table 5 - Low water levels in recent years in the region of the OAL-Germany.
Where
Hitzacker (administrative office of biosphere reserve)
Neu-Darchau (16 km far from Hitzacker)

09/2003
72 cm

09/2015
--105 cm

07/2018
--92 cm

Beside floods, also low water levels (Table 5) can lead to damages. Low water levels have caused
economic damage in the Biosphere reserve in the recent years. Cargo ships can take another route by
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using the Elbe-side-canal. However, this is not possible for Elbe-ferries and tourist trips on the Elbe.
This causes detours for a ferry independent transport route or cancelling of trips, as it happened in
summer 2018. This has an economic impact on the tourism sector (NDR, 2019).
In order to prove the statements of our stakeholders about the recent hazardous weather conditions,
we analysed data for the county (Landkreise Lüchow-Dannenberg). Indeed, we found that there is a
clear trend in increase in hot days (maximum temperature at least 30° C) over the recent century. The
farmers in the region reported that the too wet conditions of the year 2017 have caused damages and
the following dry year 2018 led to harvest lost. These hazardous conditions are well reflected in the
data: in 2017 the wetter-than-average conditions started in April and lasted until December - with a
short interruption in August, however, allowing not enough time to normalize the over-wetting of the
soil. The year 2018 is characterised by drier-than-average conditions from April until the end of the
year.

Figure 14 - Analysis of the county ‘Landkreis Lüchow-Dannenberg’. Shown mean monthly precipitation
between 1931-2018 (left) and in comparison to the years 2017 and 2018 (right). Data: Observation data set
HYRAS-PRE v2.1 of the German Weather Service (DWD) in cooperation with the Federal Ministry of Transport
and Digital Infrastructure (BMVI).
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Table 6 - List of relevant events in OAL Germany in the period 1989-2018 causing significant damage (the
flooding event 2011 is not listed here because the damage was rather low in comparison to the other).
Event
Flood
Flood
Flood
Flood

Dates
11/1998
03/1999
03/2000
07-08/2002

Location
Elbtalaue
Elbtalaue
Elbtalaue
Whole Elbe Area.

Flood

03-04/2006

Whole Elbe Area.

Flood

06/2013

Whole Elbe Area.

Too wet

02/2016

Too wet

07-11/ 2017

Saxony-Anhalt, Schleswig Holstein, Hamburg,
Lower-Saxony, Mecklenburg Western
Pomerania, NorthrhineWestphalia.
Schleswig-Holstein, Lower Saxony

Too dry

07/1994

---

Population, Ecosystems,
Livestock.

Too dry

07-08/2003

Whole Elbe Area.

Too dry

06-07/2006

Whole country especially North-East.

Crops, Livestock, Ecosystems,
Population, Shipping, Tourism,
Recreation.
Ecosystems, Crops

Too dry

07-08/2015

Whole Elbe Area.

Shipping, Tourism, Recreation,
Crops, Livestock, Population.

Too dry

04-10/2018

Whole Elbe Area.

Crops, Livestock, Shipping.

Storm

25/0101/03/1990

---

Population, Infrastructure.

Storm

22/07/2017

Saxony-Anhalt

Crops, Livestock.

Storm

1314/09/2017

Crops Infrastructure, Population,
Ecosystems.

---

W36
W37

Storm

2829/10/2017

Crops Infrastructure, Population,
Ecosystems

---

W36
W37

Storm

18/01/2018

Saxony-Anhalt, Hamburg, Lower-Saxony,
Mecklenburg Western Pomerania, NorthrhineWestphalia.
Saxony-Anhalt, Hamburg, Lower-Saxony,
Mecklenburg Western Pomerania, NorthrhineWestphalia.
---

---

Storm

21/09/2018

Infrastructure
Ecosystems
Infrastructure

Storm

08/01/2019

Infrastructure
Ecosystems

---

W36
W37
W38
W39
W40

Population
Infrastructure

---

Tornado 16/06/2017

Schleswig-Holstein, Mecklenburg Western
Pomerania, Brandenburg Saxony-Anhalt, Schleswig Holstein, Hamburg,
Lower-Saxony, Mecklenburg Western
Pomerania, Northrhine-Westphalia
Saxony-Anhalt, Schleswig Holstein, Bremen,
Hamburg, Lower-Saxony, Mecklenburg
Western Pomerania, Northrhine-Westphalia.

Type of damage
Ecosystems
Ecosystems
Ecosystems
Infrastructure, Population,
Ecosystems, Livestock, Crops,
Shipping, Tourism, Recreation.
Infrastructure, Population,
Ecosystems, Shipping, Tourism,
Recreation.
Infrastructure, Population,
Ecosystems, Shipping, Tourism,
Recreation, Crops, Households.
Population, Ecosystems,
Infrastructure.
Crops, Ecosystems.

Losses Ref*
--W1
--W1
--W1
€11.6M W1

€30M

€5.26B

---

W1
W2
W3
W4
to
W7
W8

---

W9
W10
--W11
to
W13
€1.04B W14
to
W17
--W18
to
W20
--W22
to
W27
--W28
to
W32
--W21,
W33
to
W34
€24B W35

---

W41
W42

*Reference websites.
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2.2.4. OAL Greece - Spercheios River
The information on the flooding events in the OAL-GR come mainly from the records of the Greek
Organisation for Agricultural Insurances (ELGA), a public body whose main income is the premiums
paid by farmers. The ELGA mission is to insure agricultural production and farm capital, to carry out
research on natural hazards in agriculture and to organize and implement active crop protection
programs.
For each flooding event in the Spercheios River basin, the date and the precise location of the event
are collected. Moreover, the extension of the flooded area (in km²) and the amount of losses (in euro)
are reported for each of the 23 flooding event occurred from 1989 to 2018. Unfortunately, the
information about the losses were not adapted to the current purchase power of euro, so that we used
as indicator to rank the severity of the event the extension of the flooded area, selecting 10 cases, as
reported in Table 7.
Table 7 - List of relevant events in OAL Greece in the period 1989-2018.
08
09
02
01
05
03
06
04
07
10

Event
Flood
Flood
Flood
Flood
Flood
Flood
Flood
Flood
Flood
Flood

Date
31/12/1990
07/10/1994
21/10/1994
12/01/1997
25/12/2001
23/01/2003
31/01/2003
28/05/2004
21/04/2006
29/01-03/02/2015

Location
38.850°N, 22.481
38.903°N, 22.369
38.899°N, 22.434
38.851°N, 22.431
38.850°N, 22.388
38.851°N, 22.431
38.857°N, 22.364
38.850°N, 22.481
38.916°N, 22.304
38.834°N, 22.395

Affected area
2 km²
1.8 km²
35 km²
103.3 km²
5 km²
14 km²
3 km²
9.5 km²
2.2 km²
---

Losses
€ 854,800
€ 41,100
€ 787,400
€ 149,000
--------€ 40,000
---

Type of Losses
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Agriculture
Infrastructure
Agriculture
Economic
Infrastructure/agriculture

2.2.5. OAL Austria - Vögelsberg
The activity of the deep-seated landslide in the OAL-Austria in terms of the movement rate is most
likely governed by pore pressure variations in greater depth (>40 m). The pore pressure is related to
the depth of the ground water table which in turn reacts to precipitation input and subsurface
hydrological processes.
Available monitoring data derived from an automatic tracking total station (ATTS) show that
acceleration phases of the landslide correlate well with periods with above-average precipitation.
Figure 15 shows the computed daily displacement rate compared to time series of snow height and
the daily deviation of precipitation from the long-term mean (1989-2018) and its cumulative sum. After
May 2016 three distinct acceleration phases have been observed. The first acceleration phase began
before the ATTS monitoring was started in May 2016. The landslide’s movement accelerated until the
culmination in August 2016, reaching a displacement rate of about 12 cm/year. This phase coincides
with a prolonged moist period after snow melt in spring 2016. The decreasing movement rate after
August 2016 goes along with a dry period in fall 2016. A less pronounced and shorter acceleration of
the landslide is noticeable in February and March 2017. This short-term increase of the landslide’s
movement rate could go along with rapid snow melt. However, the shown snow height time series was
derived from a meteorological station in a close-by valley at a comparable altitude but with a different
exposition. Therefore, the snow height and its dynamics may deviate in the study area at the
Vögelsberg landslide. The third phase of acceleration started around mid of July 2017 and reached a
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plateau of about 10 cm/a in the end of September 2017. Like the first identified acceleration phase it
goes along with a period of above-average precipitation. The stagnation of the movement rate at
around 10 cm/a coincides with a short dry period in October 2017 followed by a relatively moist fall
and winter.

Figure 15 - Comparison of the displacement rate derived from an ATTS (black) and time series of snow height
(dark blue) and daily deviation of precipitation from the long-term mean (1989-2018; orange and light blue)
and its cumulative sum (red). The displacement rate and the deviation of precipitation are shown on a daily
basis (thin lines) and as shifting central means with a window size of 50 days. Data source: ATTS: Federal state
of Tyrol, division of geoinformation, snow height (station Navis-Kerschbaumsiedlung) and precipitation
(station Wattener Lizum): Austrian hydrographic service.

The continuous movement of the currently active part of the Vögelsberg landslide leads to a gradual
steepening of its foot slope. Therefore, and due to the fluvial erosion caused by the Watten river slope
failures along the embankment occur, providing unconsolidated materials for potential debris flows.
In October 2008, the foot slope of the landslide collapsed in the course of a prolonged rainfall event.
In the past, extreme rainfall events repeatedly led to floods and debris flows in and around the Watten
river. In 1965 a catastrophic debris flow reached the town of Wattens, destroying and damaging
several houses, businesses and infrastructure (Table 8). Further events with less severe impacts are
reported up to 1999. These events are considered as secondary processes which are affected by the
Vögelsberg landslide. On the one hand the landslide continuously provides unconsolidated material
which could be mobilized in the course of extreme rainfall events. On the other hand, the floor of the
valley is being narrowed and modified by the displaced landslide material, changing the course and
flow velocity of the river.
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Table 8 – Reported floods, debris flows and landslides related to the Watten river.
Date/Year
Reported event
25/06-06/07/1965 Flood in the course of snow melt; two houses and one
business enterprise destroyed; 24 houses, three farm
buildings and 16 business enterprises severly damaged,
110 houses flooded, eight bridges destroyed and three
bridges damaged; main road closed for 14 days
14/08-15/08/1966 After moist weather in spring and summer and therefore
high soil moisture a rainfall event/thunderstorm hits the
valley for several hours; floods and landslides occur in the
middle reaches of the drainage system; sagging
throughout an area of 10ha; four houses endangered, one
evacuated
19/06/1967
Thunderstorm over the city of Wattens; debris flows in
the middle reaches; forests destroyed; one hotel buried;
roads damaged
1985
Flood (Wattenbach) with local inundations
20-22/05/1999
Pentecost flood (Pfingsthochwasser); flood with large
amounts of debris and tree trunks; back filling of the
retention basin to a height of 18,29 m (1,0 m below the
outlet)
05/10/2008
Landslide in Wattenbach/Eggerbach (Tyrol) in relation to
the natural surface on the base of terrestrial.
01/05-15/08/2016 Landslide maximum displacement rate of 10 cm/year and
maximum rain cumulative difference 240 mm.
01/08-30/09/2017 Landslide maximum displacement rate of 11.5 cm/year
and maximum rain cumulative difference 220 mm.

Source
Municipality of Wattens

Fliri (1998)

Fliri (1998)

Observations
Observations

Klebinder and Graf (2012)
Austrian hydrographic service
Austrian hydrographic service

2.2.6. OAL United Kingdom - Catterline
Three main hydro- meteorological hazards act on OAL-UK. These are shallow and deep landslides,
surface erosion, and coastal erosion. The soil materials comprising the slopes and cliffs at the OAL-UK
present silty sand texture. As a result, the mechanical strength of the slope forming materials is subject
to changes under wetting and drying cycles, which make the OAL-UK prone to rainfall-induced
landslides and surface erosion. These natural hazards are worsened in some sections of the OAL as a
result of the outflow of a natural spring from which the local community used to retrieve water for
consumption. Once the spring was closed, the water begun to outflow diffusively, saturating the slopeforming materials and thus reducing their mechanical strength. Currently, there are a number of active,
and interlinked, shallow landslides and surface erosion processes at the OAL. Yet, historic records from
pictures, photography, local testimonies, and news suggest that the former natural hazards have
occurred at the OAL over time. Moreover, past spring tides in combination with storm surges have led
to the dramatic erosion of the toe of the OAL’s slopes and cliffs. This in turn weaken the slope forming
materials further, becoming even more prone to rainfall-induced landslides and erosion. To our
knowledge, there only is one major landslides episode reliably reported by the OAL’s residents, and
recorded at the meteorological station deployed in situ at the OAL. This occurred in October 2012 after
two periods with prolonged rainfall occurring in the summer and October, respectively. From local
testimonies, it seems that this episode was concurrent with spring tides and a storm surge episode,
which worsened the landslides event. Through the examination of rainfall time series retrieved at the
OAL (W43) for this period, we observed total rainfall amounts comprised between 30 and 40 mm, with
durations comprised between 11 and 16 hours, and intensities ranging between 1.9 and 3.9 mm h-1.
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With this, we established that an extreme hydro- meteorological event likely to trigger severe
landslides at OAL-UK could be selected on the basis of daily rainfall depths beyond 30 mm d-1, which
corresponds to ca. 5 % of annual rainfall concentrated in one event. Meteorological time series for the
OAL-UK are available from late 2011 to present, so the examination of longer time series is not
possible. The examination of these time series indicate that between 2011 and late 2018, five extreme
episodes of have occurred at the OAL-UK (Table 9). The study of meteorological time series from
nearby weather stations (e.g. Stonehaven) could be helpful but not meaningful, as Catterline presents
a marked micro-climate (e.g. Gonzalez-Ollauri and Mickovski, 2016). In fact, through the study of
meteorological records for Stoneheaven, where other landslide episodes have been recorded by local
media, suggest that extreme events with rainfall depths of 150 mm d-1 would be more representative.
As for extreme events related the storm surge episode allegedly occurring in October 2012, too,
monthly extremes from Aberdeen’s offshore sea monitoring station were examined (W44). From this
dataset we retrieved the maximum records for wave height, tidal level, and surge recorded. These
resulted in the following extremes: (i) Wave height > 4.0 m; (ii) tidal level > 4.815 m; and (iii) surge >
0.59 m. We believe the combination of both prolonged period with rainfall and high sea levels
represent the worse-case scenario at the OAL. In addition to the above-mentioned hydrometeorological hazards, riverbank erosion and flooding hazards are also contemplated at the OAL-UK.
There is a small-size stream at the OAL-UK which flow and water level does not experience substantial
seasonal changes. The size and length of the stream and its flow conditions do not impose major
hazards or risks to the OAL’s community. However, we have observed some minor episodes of
riverbank erosion and flooding at specific points of the riparian zone. We do not have records yet on
river flow and height, but considering the small size of the catchment (i.e. ca. 0.4 km²), we can assume
that the same extreme events described above could potentially trigger changes in the river
hydrodynamics with potential to lead to minor episodes of riverbank erosion and flooding.
Table 9 - Rainfall extremes at OAL-UK retrieved from the analysis of meteorological time series recorded at a
weather stations deployed in situ from 2011 to present. Extreme rainfall events are considered to present a
rainfall depth beyond 30 mm (i.e. ca. 5 % of the annual rainfall).

1
2
3
4
5

Start

End

2012-07-18 03:00
2012-10-12 05:00
2015-07-04 04:00
2016-06-24 23:00
2017-06-05 23:00

2012-10-12 18:00
2012-10-12 15:00
2015-07-04 14:00
2016-06-25 12:00
2017-06-07 06:00

Rainfall intensity
(mm h-1)
1.93
3.76
2.78
2.52
1.27

Total rainfall per
event (mm)
30.8
41.4
30.6
35.4
40.8

Duration (h)
16
11
11
14
32

2.2.7. OAL Ireland - Dodder River
Flood is considered to be the main natural hazard in the selected OAL for Ireland. Cause of flooding in
the Ringsend OAL are either flash floods or due to tidal waves. Flash floods occurs due to heavy rainfall
near the Wicklow mountains from where the Dodder River is originated, while cyclones and high wind
attributes to tidal waves in the region. Three significant flood events were noted in the recent past for
the OAL and are reported in Table 10.

D4.2 | Data record on extreme events by OAL and by hazard

32 / 105

GA no.: 776848
Table 10 - List of relevant events in OAL Ireland in the period 1989-2018.
1
2
3

date
25.08.1986
01.02.2002
24.10.2011

Type of event
Flood
Flood
Flash Flood

Forcing
Hurricane Charlie
High tide
Heavy rain

Damages
300 properties
600 properties
600 properties

Catchment Flood Risk Assessment and Management Study (CFRAMS) were performed in the Dodder
river basin for the period 2007-2014. The major goals of this study were to (RPS, 2014):
i)

identify and map existing and potential future flood hazard risk within the catchment;

ii)

identify viable structural and non-structural measures and options for managing the flood risk;

iii)

build a strategic information base necessary for making informed decisions in relation to
managing flood risk;

iv)

develop an environmentally, socially and economically appropriate long-term strategy
(Catchment Flood Risk Management Plan, CFRMP) to manage the flood risk and help ensure
safety and sustainability of communities in the catchment;

v)

carry out a Strategic Environmental Assessment (SEA) and Appropriate Assessments (Natura
Impact Assessment) to ensure that environmental issues and opportunities for enhancement
are considered.

2.2.8. OAL China Hong Kong - Hong Kong area
Two main hazards affect the Hong Kong OAL: heatwaves and typhoons. The selection of extreme
events for us is mainly based on two criteria. The first is for heatwaves, which occurs in +3 consecutive
days with a maximum temperature of 33°C or above in Hong Kong as defined by Hong Kong
Observatory. The extreme heat event occurred on 23/06/2016 to 28/06/2016 experienced the second
highest temperature since the operation of Hong Kong Observatory (HKO) in late 19th century.
Table 11 - List of relevant events in OAL China Hong Kong in the period 1989-2018.
Date
1 16-21/05/1989
2 15-16/07/1989

Name (Category)
Brenda (Category 1)
Gordon (Category 5)

Losses
6 casualties, 120 injured
16 casualties

3 19-23/08/1999

Sam (Category 1)

4 12-17/09/1999

York (Category 1)

5 17-18/04/2008

Neoguri (Category 3)

4 casualties, 328 injured
US$ 17 M
2 casualties, 500 injured,
US$ 10 M
US$ 42 M

6 22/08/2008

Nuri (Category 3)

7
8
9
10

Chanthu (Category 1)
Vicente (Category 4)
Hato (Category 3)
Mangkhut (Category 5)

19-23/07/2010
23/07/2012
22-23/08/2017
14-16/09/2018

2 casualities,112 injured
US$ 380,000
4 deaths
140 injured
129 injured, US$ 511 M
458 injured, US$ 930 M
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Type of damage
31 landslides
Bridge collapsed, flooding,
uprooted trees
Flooding, 150 landslides
Flooded roads, 4000 trees down,
air traffic
Flooding mad flow,
Air/naval traffic.
strong winds
uprooted trees, air traffic.
Flooding
Traffic, 8800 uprooted trees.
Strong winds, flooding.
60,000 trees; glass shattering.
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The second one is for typhoon based on the economic losses and impact to environment such as falling
trees. For example, during the 2018 Super Typhoon Mangkhut (the most intense typhoon, between
5000 to 10,000 large trees were lost in Hong Kong and more than 30 buildings had their window glass
shattered and in one particular buildings, 100s of windows were damaged. The 2018 Super Typhoon
Mangkhut is suggested as one focus of the study. In the Table 11, the 10 most impacting typhoons are
reported. The typhoons were selected according to the damaged occurred in Hong Kong and regardless
their absolute strength (category).
2.2.9. OAL China Mainland - Shiyang River Basin
Shiyang River is an inland river in the northwest arid region in China, which is located in the transition
zone of the three plateaus of Mongolia, Xinjiang, Loess and Qinghai-Tibet. The special geographical
conditions and climatic characteristics determine that Shiyang river basin is an area where drought
frequently occurs. Water scarce is predominant limitation for the sustainable development. Shiyang
River basin was mainly affected by drought, salinity etc.

Figure 16 - Evolution of Standard Precipitation Index (SPI) from 1960 to 2013 in Shiyang River Basin (Zhang et
al., 2017).

We have selected extreme events based on the findings of other relevant researchers. They adopted
Standard Precipitation Index (SPI) and Theory of Runs to analyze changes in climate drought-wet and
space-time evolution of drought events on different time scale from 1960 to 2013 in Shiyang River
Basin (Figure 16). Other researchers have also studied extreme drought events in Shiyang River Basin
through different methods, and the results were similar to the above research results. In the following
Table 12 the main drought episodes from 1960 to 2013 are reported. The analysis will concentrate on
the last 2 events occurred in 1991 and 2013.
Table 12 - List of relevant events in OAL China Mainland in the period 1989-2018.
1
2
3
4
5
6

Year
1962
1963
1965
1972
1991
2013
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Classification
Extreme drought
Heavy drought
Heavy drought
Heavy drought
Extreme drought
Heavy drought
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2.2.10. OAL Australia - Weany Creek sub-catchment
As a semi-arid region, OAL Australia has a well-defined rainy season with durations ranging from 3 to
4 months per year. These periods are concentrated on summer (January to March) when the monthly
and maximum daily precipitations reach averages about 150 mm/month and 40 mm/day, respectively
(Figure 13). Nevertheless, during the other seasons, the mean accumulated precipitations remain
under 25 mm/month, while the mean number of days without precipitation (<0.1 mm) reaches levels
of 25 days/month. As commented by McCulloch et al. (2003), these long periods of drought
interrupted by storms with intense precipitation favour the sediments flux from the gully erosion
towards the Great Barrier Reef area.
Therefore, the ERA5 reanalysis dataset concerning the last 30 years (1989-2018) was analysed in order
to select the main events that produced the highest daily precipitations over the Weany Creek region.
As shown in Figure 17, the top 10 events were characterized by a large volume of precipitation just
during the event day, suggesting that usually over this region the storms act in a short period of time
and after several dry days. Considering the small size of the catchment area of OAL Australia and the
absence of weather records in situ, it is reasonable to assume that the same extreme events described
in Figure 17 could potentially trigger the transport of gully erosion sediments into Weany Creek and,
consequently, impact the Great Barrier Reef area.

Figure 17 - List of events with the highest daily precipitations (mm) in the last 30 years (1989-2018) at Weany
Creek, and their respective precipitation cumulative evolution starting 5 days before the event. Data source:
C3S (2017).
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3.

Data description

We collected a variable number “extreme events” in the OALs, following the criteria described in the
previous Section. Meteorological and hydrological data are collected for all these events with different
temporal and spatial sampling, in order to better describe the single events. For a subset of the
collected events, for each OAL, a more in-depth analysis is presented, to highlight the key features and
to suggest a possible classification. The type of the detailed analysis strongly depends on the data and
ancillary information available on the site. Finally, when possible, tables are derived to summarize
relevant features that characterize the type of the event more dangerous for the different OALs.

3.1. ERA5 Reanalysis Data
The description of an atmospheric phenomenon comes through its identification within
meteorological observation data. Unfortunately, there is no observational system capable of covering
all spatial and temporal needs for an appropriate description of an event. In this context, reanalysis
models arise to bridge this data gap. As defined by Gelaro et al. (2017), “reanalysis is the process
whereby an unchanging data assimilation system is used to provide a consistent reprocessing of
meteorological observations, typically spanning an extended segment of the historical data record”.
Essentially, this high-spatiotemporal-resolution gridded meteorological data product is made
assimilating past observations into a physically consistent weather forecast model. Each analysis cycle
begins by using a previous forecast as a background field or “first guess”. The background field is then
interpolated to the location of an assimilated observation, and the difference between this estimate
and the value of the observation is the analysis increment (Kalnay, 2003).
The fifth generation ECMWF atmospheric reanalysis of the global climate (ERA5) is a dataset covering
the period 1950 to present, which combines model data with observations from across the world into
a globally complete and consistent dataset using the laws of physics. The name ERA refers to 'ECMWF
ReAnalysis', with ERA5 being the fifth major global reanalysis produced by ECMWF (after FGGE, ERA15, ERA-40, ERA-Interim). ERA5 strengths compared to its precursor ERA-Interim includes: much higher
spatial and temporal resolution; information on variation in quality over space and time; much
improved description of troposphere; improved representation of tropical cyclones; better global
balance of precipitation and evaporation; better precipitation over land in the deep tropics; better soil
moisture; and more consistent sea surface temperature and sea ice (C3S, 2017). The next reanalysis,
ERA6, is planned for around 2020.
ERA5 is being developed through the Copernicus Climate Change Service (C3S) using 4D-Var data
assimilation in CY41R2 of ECMWF’s Integrated Forecast System (IFS). The main product was produced
with 137 hybrid sigma/pressure (model) levels in the vertical, with the top level at 0.01 hPa.
Atmospheric data are available on these levels and they are also interpolated to 37 pressure, 16
potential temperature and 1 potential vorticity levels. ERA5 data are also available, containing 2D
parameters such as precipitation, 2m temperature, top of atmosphere radiation and vertical integrals
over the entire atmosphere. The IFS is coupled to a soil model, the parameters of which are also
designated as surface parameters, and an ocean wave model.
The ERA5 dataset contains a module of high-resolution realisation (HRES) with a spatial resolution of
31 km, 0.28125 degrees; and a module of reduced resolution ten-member ensemble (EDA) which has
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a resolution of 62 km, 0.5625 degrees. The observations (satellite and in-situ) used as input into ERA5
merge data from several sources for different applications. From satellite data, ERA5 uses radiances
(infrared and microwave), retrievals from radiance, GPS-radio occultation, scatterometer and
altimeter to obtain parameters as brightness temperature, backscatter sigma0, soil moisture index,
bending angle, ozone concentrations, wind vector, and wave height also. On the other hand,
observations in-situ uses aircraft data, aircraft-sounders, drifting buoys, land station, moored buoys,
radar, radiosondes and ship station to obtain temperature, temperature profiles, wind, wind profiles,
humidity, humidity profiles, and surface pressure.
The output data format of ERA5 is GRIB, GRIB2 or NetCDF, and the output parameters are divided into
two lists: surface (single level) and upper air (pressure levels). The first one includes 216 atmospheric
parameters to temperature and pressure, wind, mean rates, radiation and heat, clouds, lakes,
evaporation and runoff, precipitation and rain, snow, soil, vertical integrals and vegetation, plus other
50 ocean wave parameters. For the higher atmosphere, there are another 62 parameters concerning
pressure, potential temperature and potential vorticity levels and their respective mean rates.
As known issues about ERA5 data and their relationships within the meteorological analysis for all OALs
locations, it is important to highlight that this reanalysis presents a poor fit to radiosonde temperatures
in the lower stratosphere, frequently indicating some cold bias. Another point is the potential
evaporation field which shows a large underestimation over deserts and high-forested areas due to a
bug in the code that does not allow transpiration in case no low vegetation type is present (C3S, 2017).
For OALs Hong Kong and Australia, the attention must be about the intensity of the tropical jet in the
mesosphere which is usually overestimated. Considering their proximity to polar regions,
meteorological analysis for OALs Finland, UK, and Ireland must admit an underestimated wind speed
on pressure level data (upper atmosphere).

3.2. Satellite data and products
Three types of satellite data are considered in this report: Geostationary Weather Satellite (Meteosat,
Himawari) brightness temperature/radiances (Level 1/1.5 data), precipitation products from Global
Precipitation Measurements (GPM), and from the Satellite Application facility on support of
operational Hydrology and water management (H-SAF).
3.2.1. Meteosat
The calibrated and geo-located radiances in the 12 channels of the Spinning Enhanced Visible and
Infrared Imager (SEVIRI) are collected for this study. SEVIRI obits in the nominal position of coordinates
0°, 0° and scans the whole earth disk in 12 minutes, delivering a set of images four times each hour.
Eight of the twelve channels are in the thermal infrared, providing, among other information,
permanent data about the temperatures of cloud top, land and sea surfaces. One of the channels is
called the High Resolution Visible (HRV) channel and has a sampling distance at nadir of 1 km, as
opposed to the 3 km resolution of the other visible channels. Using channels that absorb ozone, water
vapour and carbon dioxide, MSG satellites allows meteorologists to analyse the characteristics of
atmospheric air masses and reconstruct a three-dimensional view of the atmosphere. Three channels
measure reflected radiance from the Earth’s system, allowing sea/land discrimination, fog and low
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clouds detection, vegetation analysis and some analysis of cloud top features. See www.eumetsat.int
for more detailed information on Meteosat operations.
3.2.2. H-SAF.
The "EUMETSAT Satellite Application Facility on Support to Operational Hydrology and Water
Management (H-SAF)" started on 2005 as part of the EUMETSAT SAF Network. In March 2017 the
Programme entered its Third Continuous Development and Operation Phase, which will last until
February 2022. The H-SAF main objective is to provide new satellite-derived products from existing
and future satellites with sufficient time and space resolution to satisfy the needs of operational
hydrology, by mean of the following identified products: precipitation (liquid, solid, rate, accumulated),
soil moisture (at large-scale, at local-scale, at surface, in the roots region), snow parameters (detection,
cover, melting conditions, water equivalent). At the same time, independent validation of the
usefulness of the new products for fighting against floods, landslides, avalanches, and evaluating water
resources is performed (Mugnai et al., 2013).
The H-SAF generates and archives high-quality data sets and products for operational hydrological
applications starting from the acquisition and processing of data from Earth observation satellites in
geostationary and polar orbits operated both by EUMETSAT and other space organizations. The
retrieval of products uses data from microwave and infrared instruments and aims at reaching the best
possible accuracy compatible with satellite systems as available today or in the near future.
For this project the product H-SAF h03 (Precipitation rate at ground by GEO/IR supported by
LEO/PMW) is collected and used for the analysis. H03 product provides every 15 minutes
instantaneous precipitation maps generated by IR images from operational geostationary satellites
"calibrated" by precipitation measurements from PMW images in LEO orbits, processed soon after
each acquisition of a new image from GEO and presented in the natural projection of the image from
GEO with a ground resolution of approximately 8 km over Europe. See http://hsaf.meteoam.it for more
information on H-SAF and Mugnai et al. (2013) for more details on algorithms.
3.2.3. GPM
Global Precipitation Measurement (GPM) is an international satellite mission to provide nextgeneration observations of rain and snow worldwide every three hours. NASA and the Japanese
Aerospace Exploration Agency (JAXA) launched the GPM Core Observatory satellite on February 27th,
2014, carrying advanced instruments that set a new standard for precipitation measurements from
space. The data they provide is used to unify precipitation measurements made by an international
network of partner satellites to quantify when, where, and how much it rains or snows around the
world. The GPM mission contributes to advancing our understanding of Earth's water and energy
cycles, improves the forecasting of extreme events that cause natural disasters, and extends current
capabilities of using satellite precipitation information to directly benefit society.
For this Project, we make use of the Integrated Multi-satellite Retrievals for GPM (IMERG). This
algorithm intercalibrates, merges and interpolates “all” satellite passive microwave precipitation
estimates, together with microwave-calibrated IR satellite estimates, monthly precipitation gauge
analyses, and potentially other precipitation estimators at fine time and space scales for the TRMM
and GPM eras over the entire globe. IMERG provides instantaneous rainrate every 30 minutes at global
scale, over a spatial grid of 0.1°x0.1°. To further information, see Huffman et al. (2015).
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3.2.4. TRMM
The Tropical Rainfall Measuring Mission (TRMM) a joint mission of NASA and the Japan Aerospace
Exploration Agency, was launched in 1997 to study rainfall for weather and climate research, and, after
over 17 years of productive data gathering, the instruments on TRMM were turned off on April 8 th,
2014. The TRMM Multisatellite Precipitation Analysis (TMPA) provides a calibration-based sequential
scheme for combining precipitation estimates from multiple satellites, as well as gauge analyses where
feasible, at fine scales (0.25° × 0.25° and 3 hourly). The dataset covers the latitude band 50°N–S for the
period from 1998 to 2014.
3.2.5. HIMAWARI
Himawari-8 is a next-generation geostationary meteorological satellite launched by the Japan
Meteorological Agency (JMA) on October 7, 2014 and operates at approximately 140° East, covering
the East Asian and Western Pacific regions. The Advanced Himawari Imager (AHI) onboard the satellite
has been significantly enhanced from the previous generation geostationary satellite sensor (MTSAT2), and the European Meteosat Second Generation series, in terms of its spectral coverage and
temporal resolution. The AHI possesses comparable capabilities to the US GOES-R in terms of spatial,
spectral, and temporal resolutions. The AHI provides near-global coverage of high-temporal and highspatial cloud observations. The instrument has 16 observational bands, spanning from the visible to
thermal infrared spectral regions with a nadir spatial resolution of 0.5 km (one band), 1 km (two bands),
and 2 km (13 bands). The observation intervals are 10 and 2.5 min for the full disk region and the
surrounding area of Japan, respectively. The AHI measurements in the visible, shortwave infrared, and
thermal infrared bands (e.g., center wavelength at 0.68, 2.2, and 11 μm) are useful for retrieving cloud
properties, such as the cloud optical thickness, the effective particle radius and the cloud-top
temperature.

3.3. Other data
In many OALs the detailed analysis of some event required additional data, especially from local
instrument network, that are described below. These data are usually used in combination with ERA5
or other satellite products introduced in the previous sections.
3.3.1. OAL Italy
 Hydro-meteo-climatological Database of Agenzia Regionale per la Prevenzione, l´Ambiente e
l´Energia dell´Emilia-Romagna (ARPAE): hourly precipitation (mm/h) at 36 meteorological
stations along the Panaro river and Secchia river to the period between January 11st and 20 th
2014 (Dext3r, 2016).
 Hydro-meteo-climatological Database of Agenzia Regionale per la Prevenzione, l´Ambiente e
l´Energia dell´Emilia-Romagna (ARPAE): sea level (m) and significant wave height (m) with timeresolution of 10 minutes at two meteorological stations along the Po Delta (Nausicaa and Porto
Garibaldi) to the period between January 31st and February 9th 2015 (Dext3r, 2016).
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 Hydro-meteo-climatological Database of Agenzia Regionale per la Prevenzione, l´Ambiente e
l´Energia dell´Emilia-Romagna (ARPAE): daily river flow (m³/s) and daily air temperature (°C) at
Pontelagoscuro station in Po river to periods between 30.10.2002 and 31.08.2003, and
30.10.2003 to 31.08.2004 (Dext3r, 2016).
3.3.2. OAL Finland
 Finnish Meteorological Institute: daily temperature, precipitation and snowdepth at the
Punkaharju Laukansaari weather station between 1.1.-31.5.2012. Modelled total phosphorus
concentration for 1.1.-31.5.2012.
 Finnish Meteorological Institute: daily precipitation at the Punkaharju Laukansaari weather
station in October 2006, August 2002- April 2003, July 2010.
3.3.3. OAL United Kingdom
 Precipitation records from Catterline daily raingauge (since 2011).
3.3.4. OAL Austria
 Local Precipitation Measurements (not publicly available).
 ATTS displacement speed, from 2016 on (not publicly available).

3.4. Data Processing
In the Table 13 have reported the different datasets used for our analysis of extreme events, that will
be uploaded on the GeoIKP for each hazard and OAL. A climatological dataset concerning the study
period between 1989 and 2018 was built using hourly ERA5 reanalysis in order to create background
meteorology of each OAL. Moreover, the collected data were used to compute 30-year climatology of
OALs, also delivered in the reports of Task3.1 (D3.1) and Task 5.1 (D5.1). In this case, time series of
wind speed and direction at 10 m, air temperature at 2 m, dew-point temperature at 2 m, evaporation
and total precipitation were constructed using only the 0.25°x0.25° grid points of ERA5 included in the
OAL region, where area-weighted averages were computed.
For the detailed analysis of the extreme events, the ERA5 datasets with a horizontal resolution of
0.25°x0.25° were used to define the atmospheric conditions over each OAL area, through the following
variables available for the surface level: wind components at 10 m, air temperature at 10 m, dew-point
temperature at 10 m, mean sea level pressure, sea surface temperature, significant wave height and
total precipitation. In addition, data available for the vertical levels of 500 and 200 hPa were used to
analyse the states of the medium and high atmosphere through the following variables: divergence,
geopotential height, potential vorticity, relative humidity, specific humidity, air temperature,
components horizontal and vertical wind, and relative vorticity. The ERA5 hourly datasets are usually
presented as daily averages. Only with regard to total precipitation, instead of daily averages, the daily
accumulations were presented. In addition, analyses were performed on a synoptic scale using the
same data from ERA5, but with a reduced resolution (1x1°) once these analyses contemplate areas
with continental dimensions.
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Table 13 – Data description by hazard and OAL.
OAL FLOOD
IT ERA5 (hourly)
TRMM, H03
FI ERA5 (daily)
FMI (daily)
DE ERA5 (hourly)
ERA5 (monthly)
GR ERA5 (daily)
GPM, H-SAF
AT ---

DROUGHT
ERA5 (monthly)
TRMM
ERA5 (daily), FMI (daily)

STORM SURGE
ERA5 (hourly)

LANDSLIDE
---

---

---

ERA5 (monthly)

---

---

---

---

---

---

---

UK ---

---

---

IE ERA5 (hourly)
HK ---

-----

CH --AU ---

ERA5 (monthly), TRMM
---

--ERA5(hourly),
HIMAWARI
-----

ERA5 (hourly),
local raingauges,
GPM, H-SAF
ERA5 (hourly),
local raingauges,
GPM, H-SAF
------ERA5 (hourly)

It is important to remark that the data will be available in netCDF format, after agreement with WP7.
Data documentation will be also prepared following the guidelines provided in Del7.2 (M12).
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4.

In depth analysis of selected events and summarizing tables

In this section the meteorological data collected in this Task will be analysed with the purpose to
provide a possible key to interpret the data made collected, and to provide a classification of extreme
events in the OALs, based on relevant features. For each OAL one or more cases will be studied in
depth, by means of the data described in the previous Section, and a summarizing table will be
presented, where relevant meteorological features for each event are reported. The selected cases
usually are taken to describe one of the main hazards, to illustrate how other cases are studies and to
highlight typical meteorological patterns related to the hazards.

4.1. OAL Italy
4.1.1. Case studies
i.

Flood (17-19/01/2014)

As extreme events in OAL Italy are divided into three hazard categories (flood, storm and drought),
three different analyses are presented to understand the atmospheric patterns associated to each of
these hazards in the Po Valley. The first one analyses the flood of 17-19 January 2014 occurred along
the Panaro River and the Secchia River producing damages around 500 million euros due to a failure
of the Secchia River embankment. At that time, the region already held some Nature-Based Solutions
implemented to manage the water level in the Secchia River (AIPo, 2016b). However, the significant
amount of precipitation that reached Secchia Valley between 17 and 18 January 2014 (Pievepelago,
Scaffaiolo Lake, Civago, Ospitaletto and Passo delle Radici) accumulated more than 250 mm/72h
(Dext3r, 2016) and have affected the overall embankment stability and triggered infiltration fluxes that
brought the failure of the embankment, even though the water level was lower than the embankment
crest. Fortunately, the flood event did not cause fatalities, but left several residences and properties
underwater, apart from many structural damages into several points of Modena.
The synoptic configuration that resulted in the flood event over the Po Valley begins on day 15 when
a deep low-pressure system centred on southern Iceland (60°N, 20°W) starts to move towards the
lower latitudes, where the North Atlantic Subtropical High (NASH) was very well established at east of
the African coast (40°N, 40°W). The interaction between these two systems governed the atmospheric
flow from the surface up to the higher levels over the entire European continent in the following days.
As the low-pressure system moves south, the temperature gradient between the two air masses
intensifies as well as the subtropical jet, which presented a large area with wind speeds above 40 m/s
at 500 hPa (Figure 18). At this moment, there is an intense meridional transport of polar cold air
towards the equator that, when reaches in North Africa, shifts to the eastern Mediterranean due to
the presence of a deep ridge associated to another area with high-speed winds. Thus, passing over the
sea, the cold air mass from the poles receives an important contribution of humidity before reaching
the Italian coast.
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Figure 18 - Daily mean atmospheric circulation over the North Atlantic Ocean and Europe at 500 hPa to January
18th, 2014. Data source: C3S (2017).

Along the Po Valley, the days of 17 and 18 January are characterized by moderate rainfall sustained by
the presence of a ridge positioned on the eastern Mediterranean, blowing south-west moist winds
against the Ligurian and Tuscan-Emilian Apennines (ARPAE, 2014). From the late afternoon of January
18, the progression of the trough over the western Mediterranean displaces the heavy precipitation
area to south Italy and decreases the precipitation over the OAL Italy area on the next day (19).
The upper air trough acted over North Italy during these 2 days producing moderate to intense rainfalls
along the whole Po River catchment. Regarding the catchment areas of Panaro River and Secchia River,
the river levels were loaded by a sequence of four rainfall periods with durations of 4 to 6h and
intervals around 16h (Figure 19). According to Dext3r (2016), a large number of weather stations
located high in the Apennines recorded weak rainfall rates during the whole period (≈ 2 mm/h), mainly
between days 17 and 18. Nevertheless, the maximum rates were recorded in few isolated stations
during the first period of heavy rainfall (14.2 mm/h in Civago and 12.6 mm/h in Scaffaiolo Lake at 11:00
and 12:00 UTC of day 17, respectively), while the largest precipitation area occurred during the third
period (19:00-24:00 UTC of day 18) when almost all weather stations inside the catchment areas of
Panaro River and Secchia River recorded more than 5 mm/h for, at least, 3 consecutive hours.
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Figure 19 - Precipitation intensity product from National Department of Civil Protection for each heavy rainfall
period between 17 and 19 January 2014. Adapted from: ARPAE (2014).

Given the spatial-temporal variety of the weather conditions which described this flood event on the
OAL Italy, to define a rainfall rate threshold able to trigger flooding along the Po Valley is a hard task.
However, it is a fact that persistent rainfalls during, at least, 4 consecutive hours and spaced at intervals
of less than one day may be sufficient to overflow rivers such as the Panaro and the other tributaries
of the Po River originating in the Apennines.
ii.

Storm-Surge (05-07/02/2015)

The second analysis focus on a storm-surge event occurred in early February 2015, when the sea level
over the Adriatic Sea reached alarming levels unleashing a series of secondary effects as beach erosion
and marine flooding which resulted in several damages to infrastructures, defences structures and
bathing establishments along the whole northern Italian Coast. According to Perini et al (2018), the
records of this event speaks by itself. The storm-surge lasted 74 hours with a critical period between 5
and 6 February, when the sea level grew up to 1.21 m in Porto Corsini (Ravenna) and the significant
wave height reached 4.31 m in Nausicaa (Cesenatico) with a peak period of 6.7 s, resulting in wave
energy of 516,7 m²h that classifies this event as severe in the energetic class scale proposed by Dolan
& Davis (1992).
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Figure 20 - Daily mean atmospheric circulation over the North Atlantic Ocean and Europe at 500 hPa to
February 5th, 2015. Data source: C3S (2017).

The atmospheric pattern which provided the propitious conditions to accumulate the water along the
coast of OAL Italy goes back 5 days before, on 31 January. At this moment, the North Atlantic
Subtropical High-pressure (NASH) was centred around 35°N and 30°W at surface levels, and an
associated ridge in the mid-levels begins to intensify the amplitude of the atmospheric wave and
expand its action area northward. During the next days, the anticyclonic flow in 500 hPa induced the
NASH to move up to 55°N while a continental trough started to expand against, distancing the polar
jet from the subtropical jet and intensifying the meridional transport of cold air from the pole. This
upper air configuration favours the cyclogenesis at surface levels over the continent, where a lowpressure system took form over the north-western France in the end of day 2. Between days 3 and 4,
the low-pressure system arrives in the Mediterranean Sea dynamically supported by a cut-off low in
mid-levels (Figure 20) and begins to influence the atmospheric circulation over Italy blowing south
winds along the Adriatic Sea.

D4.2 | Data record on extreme events by OAL and by hazard

45 / 105

GA no.: 776848

Figure 21 - Daily mean atmospheric circulation over Italy at surface level to February 5th, 2015, highlighting
the strong and continuous northwest winds over the OAL Italy coast in the northern Adriatic Sea. Data source:
C3S (2017).

As the low-pressure system slowly moves south, the cold front reaches the Po Valley with strong and
continuous northeast winds blowing against the Italian coast. According to ERA5 dataset (C3S, 2017),
the north Adriatic Sea and the Po Delta presented wind speeds above 5 m/s during the whole period
between 15 UTC of day 4 and 18 UTC of day 7, with peaks around of 20 m/s during the night between
days 5 and 6 at some points of the coast (Figure 21). These strong surface winds blowing for more than
3 consecutive days on the Adriatic Sea was primarily responsible for sea level rise and, consequently,
for the damage associated with the storm-surge event on OAL Italy. Records from oceanographic
stations showed the accumulation of water along the coast directly associated with the strong winds,
favouring a north-eastern swell which produced waves large enough to overcome the tidal daily retreat
during the three days of storm-surge (Figure 22).
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Figure 22 - Sea level (m) and significant wave height (m) recorded on the oceanographic stations of Po Delta
from 2 to 8 February 2015. The storm-surge event occurred during days 5 and 6. Data source: Dext3r (2016).

iii.

Drought (26.06-25/08/2003)

The third and last event analysed in depth for OAL Italy is a drought episode. This kind of phenomenon
differs considerably from the others due to its duration. While others present scales of days, droughts
can last for weeks, months, seasons and even years. The same is applied to its impacts. Dry periods are
difficult to detect initially, and their effects can be felt months after the rainy season. In the present
study, the drought event occurred for 47 days between June 24 and August 25, 2003, and produced
damages about US$ 4.4 million, mainly associated with losses upon agriculture. This period was also
marked by an intense heatwave that affected several countries in Europe and was pointed out as the
main responsible for more than 20 000 fatalities in Italy (Guha-Sapir et al, 2019).

Figure 23 - Monthly mean temperature and Climate Water Balance anomalies in OAL Italy to 2003 relative to
the average for 1989-2018. Data source: C3S (2017).

According to the ERA5 dataset (C3S, 2017), the average monthly precipitation relative to the last 30
years (1989-2018) over OAL Italy ranged from approximately 50 mm/month in January and July to 90
mm/month during the months of April and November, whereas the summer is usually classified as the
driest. And during 2003, it was no different. In this year, the total amount of precipitation recorded to
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June, July and August were 45% smaller than the expected by the climatology, in a period which the
amounts are considerably low. However, the key difference of 2003 with respect to the last 30 years
was the amount of precipitation of the previous season, the spring, which usually is rainy but recorded
48% less of precipitation than the expected. This, summed with a large positive anomaly of
temperature associated with the heatwave (Figure 23), resulted in negative anomalies on the Climate
Water Balance (difference between total precipitation and evaporation) during 7/8 first months of
2003, highlighting the severity of this drought event within a climatological scale.

Figure 24 - Monthly mean atmospheric circulation over the North Atlantic Ocean and Europe at 500 and 200
hPa to July 2003. Data source: C3S (2017).

The pattern of atmospheric circulation associated to dry summers across the central Mediterranean
Sea is ruled by the intensification of the anticyclonic flow in North Africa, typical in June, July and
August, which often results in a deep high-pressure system with extensions bounded to the north by
the subtropical jet. Usually, the position of the jet is regulated by the intensity of an upper air trough
over the Black Sea and this configuration allows the superficial transport of dry and warm air from
tropical latitudes to OAL Italy area as well as to the entire Po Valley (Figure 24) and also inhibits the
formation of clouds and storms. However, in 2003, the cyclonic flow associated with a depression at
500 hPa over the Black Sea was more intense than usual, also intensifying the subtropical jet up to the
highest levels (200 hPa), as shown in Figure 25, which presents the difference between the monthly
mean wind and geopotential fields of July 2003 and the climatology of this month relative to 19892018. Meanwhile, over Russia, a high-pressure system also intensified, creating a geopotential dipole
that kept the extremely hot and dry conditions on the central Mediterranean during the month of July,
resulting in this event of drought.
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Figure 25 - Monthly mean atmospheric circulation anomaly over the North Atlantic Ocean and Europe to July
2003 relative to the July averages for 1989-2018. Data source: C3S (2017).

To study with more detail the 2003 summer, in comparison the 2004 summer, we considered the daily
precipitation, averaged over the whole Po basin, as detected by TRMM satellite (the TMPA product
3B43). In Figure 26, the daily basin-averaged precipitation and the river flow in Pontelagoscuro for
2003, top panel, and 2004 summers, bottom panel, while in the central panel the daily Temperature
for the two years is reported. There are two evident difference between the two periods: 1) in 2003
precipitation was abundant in autumn/early winter (causing flood alert conditions), and very low in
late winter/spring, while in 2004 rain was relatively abundant in spring. Moreover, the average
temperature in 2003 started growing significantly from the end of April, increasing the need of
irrigation.
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Figure 26 - Time series from 30.10.2002 to 31.08.2003 (top panel) and from 30.10.2003 to 31.08.2004 (bottom
panel) of daily basin-averaged 3B43 precipitation (blue bars) and river flow at Pontelagoscuro (black line). The
red line indicates the drought threshold (450 m³/s). In the middle panel the daily temperatures of the two
periods are shown. Data source: Dext3r (2016) and TRMM.

4.1.2. Summary of the extreme events
As previously outlined, OAL Italy presents substantially 3 different types of hazards associated to each
Po Valley subregions: Floods on Po tributaries originating in the Apennines, storm-surges on Po Delta
coast and droughts on the Po Valley. Given the variety of phenomena that affect the region, three
deep analyses were conducted covering each type of event. The cases not analysed in detail presented
a similar description within the same category, both according to the meteorological system acting on
the surface as to its vertical structure (Table 14).
In general, flood events presented as a common characteristic of persistent precipitation for several
consecutive days due to the movement of a frontal system or an associated low-pressure system itself.
However, what differentiated the two events chosen in comparison to the others was the positioning
of the anticyclonic ridge at mid-levels aligning the cyclonic flow against the Apennines. Regarding the
events of storm-surge, the highlights are the south winds throughout the Adriatic Sea during a
particularly slow advance of low-pressure systems in the surface level. Usually, these systems which
trigger storm-surge in the Po Delta show a displacement following the Italian coastline in the
Tyrrhenian Sea, where after its slow passage, favour the easterly winds against the OAL Italy coastline
in the Northern Adriatic Sea and, consequently, increase the sea level and the wave height during
storm-surge winds. Finally, the great feature that marked the drought events concerns about a large
anomalous area of low pressure over the Black Sea throughout the month of July, intensifying the
subtropical jet and positioning the anticyclonic ridge of north Africa to support the transport of warm
and dry air from the tropics to central Europe.
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Table 14 - List of the extreme events in the OAL Italia and their respective summaries of weather conditions.

1
2
3
4
5
6
7
8

Date

Hazard

19/01/2014
15/12/2017
27/12/1996
19/11/2002
07/02/2015
25/08/2003*
21/08/2005*
17/08/2006*

Flood
Flood
Storm Surge
Storm Surge
Storm Surge
Drought
Drought
Drought

Meteo
System
Cold Front
Low Pressure
Low Pressure
Low Pressure
Low Pressure
High pressure
High pressure
High pressure

Upper Air
Structure
Diffluent trough
Diffluent trough
Cut-off Low
Confluent trough
Cut-off Low
Confluent Ridge
Confluent Ridge
Confluent Ridge

Additional
Information
¹11.23 m
¹10.38 m
²4.2 m
²3.6 m
²4.7 m
³47 days
³38 days
³70 days

Losses
Infrastructure
Infrastructure
Infrastructure
Infrastructure
Infrastructure
Lives/Agriculture
Agriculture
Agriculture

Legends: *End date. ¹Maximum river level; ²Maximum significant wave height; ³Duration.

4.2. OAL-Finland
4.2.1. The main case study
In the OAL-Finland, the annual mean precipitation was about 600 mm during 1989-2018. According to
model simulations by Tattari et al. (2019) the nutrient load grows during years with high precipitation
(see Figure 27). However, the annual precipitation alone does not explain all the load variations. The
nutrient loads depend also on the timing of the precipitation and the conditions before the
precipitation event. Typically, the high peaks of nutrient loads take place during spring snowmelt or
after the autumn precipitation. Heavy precipitation during summer may as well induce a peak in
nutrient concentrations.

Figure 27 - From Tattari et al. (2019), the annual precipitation vs. modelled annual phosphorus load.
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Figure 28 - a) observed daily precipitation, b) observed monthly precipitation, c) observed daily mean
temperature, d) observed snow depth, and e) modelled total phosphorus concentrations (Tattari et al., 2019).
All observations are from the Punkaharju Laukansaari weather station situated in the Lake Puruvesi catchment
area.

Our extreme case event is the spring snowmelt in year 2012. In the Puruvesi region the winter 2012
was wetter than average with snow heights reaching more than 50 cm in March and lasting until midApril (Figure 28d). During the permanent snow cover period 31/12/2011-23/04/2012 the total
precipitation was 151.6 mm at the weather station Punkaharju Laukansaari in the Lake Puruvesi
catchment area (Figure 28a and Figure 28b). The snow melted in 13 days between 11/04/2012-
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23/04/2012 from 50 cm to 0 cm as the daily mean temperatures rose permanently above 0 °C (Figure
28c). During the snowmelt period (11/04/2012-23/04/2012) the total precipitation was 29.3 mm. The
snow water equivalent, i.e., the amount of water contained within the snow, is not directly measured
in Lake Puruvesi. However, the Finnish Environment Institute produces simulated estimates of snow
water equivalents over Finland by the Watershed simulation and forecasting system. According to this
Watershed simulation and forecasting system the snow water equivalent was 124 mm in the beginning
of the melting period (11/04/2012) in Savonlinna Kuhajärvi, located about 10 km west from the
Savonlinna Punkaharju Laukansaari weather station. The model simulations by Tattari et al. (2019) with
the VEMALA model (Leinonen et al., 2018) show a peak in nutrient concentrations during the snow
melt in the end of April 2012 (Figure 28e). As an example, the drier than average year, 1993, with less
snow (Figure 28d) lead to lower phosphorus concentrations than in 2012 (Figure 28e).
4.2.2. Summary of the extreme events
As shown in the previous section, although the main hazard in Lake Puruvesi is the excessive nutrient
load due to a large amount of precipitation produced by a storm, the region is also exposed to other
risks such as droughts and heat waves. A summary of the extreme events in the last 30 years (19892018) is presented in Table 15.
Table 15 - List of the extreme events in the OAL Finland and their respective summaries of weather conditions.
Event

Date

Meteo system

Drought

01/08/200230/04/2003

Storm

2223/10/2006

High pressure dominating and
low rain rates (03-27/08, 0212/09, 27/11-18/12, 17/0209/03)
Low pressure systems with
warm/occluded fronts passing by
one after another in October
2006
High pressure dominating
Cold front, with thunder and
downbursts
Unsettled, several
warm/occluded fronts passing
from the south

Heatwave 07/2010
Storm
2930/07/2010
Flood
1123/04/2012

Upper air
structure
Ridge (03-27/08,
02-12/09, 27/1118/12, 17/0209/03)
Trough

Max rain rate Losses

Ridge (03-28/07)
Trough

6.6 mm/24h
0.5 mm/24h

Trough (11-18/04)
Ridge (19/04)
Trough 20-21/04)

Ecosystem

39.8 mm/48h Ecosystem

Lives
Ecosystem
Economic
12.5 mm/24h Ecosystem

4.3. OAL-Germany
4.3.1. The main case study
This section presents an analysis of the meteorological conditions occurred during the flood in summer
2002, which caused huge damage in the areas of Elbe catchment.
The description is based on the ERA5 hourly data, characterized by a horizontal resolution of
0.25°x0.25°. In particular, ERA5 data have been downloaded over the whole Germany, covering an
area ranging between 3.5°E and 17°E of longitude and 45°N and 56°N of latitude, considering the
period from 01-07-2002 to 31-08-2002. Different variables have been extracted, such as total
D4.2 | Data record on extreme events by OAL and by hazard

53 / 105

GA no.: 776848
precipitation, U and V wind components at 10 m, 2-meter temperature and mean sea level pressure.
Furthermore, ERA5 data at lower resolution (1°x1°) have been downloaded also over the whole
European area, in order to better analyse the meteorological conditions that led to the extreme event
of interest.
The Elbe flood in 2002 was the result of intense precipitation occurred from 11th to 13th August 2002
induced by a Vb cyclone (Messmer et al. 2015), a cyclone moving on the Vb-track from Mediterranean
region towards Central Europe, which transport humid air (Nissen et al., 2013). Indeed, as highlighted
in Figure 29, showing the daily mean wind speed and geopotential height at 500hPa from 10th to 13th
August 2002 derived from ERA5 hourly data, a depression is visible over France on 10th August that
moved southwards, up to central Italy. Here, on 11th August a minimum has been formed (as shown
also in the Bracknell chart reported in Figure 30), which moved north-eastwards on 12th August,
reaching the central-east part of Europe. Several literature works report a detailed analysis of the
meteorological conditions leading to the flood of August 2002, such as Ulbrich et al (2003). This work
highlights that several factors were responsible of the flood, such as advection of humidity, a quasistationary tropospheric trough, inducing upper-level divergence and orographic lifting of the surface
low.

Figure 29 - Daily mean wind speed (m/s) and geopotential height at 500hPa for OAL Germany on August 10th11th-12th-13th, 2002. Data source: C3S (2017).
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Figure 30 - Bracknell charts for 10th-11th-12th-13 h August 2002 at 00:00 UTC. Data Source:
http://www.wetterzentrale.de/.

All these factors led to the occurrence of extreme values of precipitation, as shown in Figure 31,
depicting the total daily precipitation occurred from 10th to 13th August 2002, in addition to the daily
mean wind at 10 m and the mean sea level pressure derived from ERA5 data. Several areas were
affected by very heavy precipitation, especially on 12th August, when values higher than 100 mm/day
were recorded in the eastern part of Germany and western part of Austria and Czech Republic. The
high precipitation values during the event have also been presented in the work of Rudolf and Rapp
(2003), in which an analysis of the measured data (observations from the DWD surface networks) is
reported, along with a detailed description of the weather situation that caused the flood. The results
show that, in the period from 10th to 13th August, 100 mm were exceeded in several locations (such
as in Dresden, where 158 mm fell in 24 hours), reaching the highest value of 312 mm in ZinnwaldGeorgenfeld.
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Figure 31 - Total precipitation (contour plot, mm/day), daily mean wind at 10m (vector plot) and daily mean
sea level pressure (green isobars) for OAL Germany on August 10th-11th-12th-13th, 2002. Data source: C3S
(2017).

These very high precipitation values results in the flood of Elbe river, that led to the record height of
the river level in Dresden (9.4 m) on 17th August and many damages, in terms of substantial money
losses and also deaths. It is noteworthy that the severity of the flood was due also to the occurrence
of a previous rainfall episode on 6th and 7th August, which led to the soil moisture saturation already
in the days before the event associated to the period 11th -13th August. As a result, the cumulated
precipitation occurred during August 2002 has reached values absolutely extreme with respect to the
mean ones, considering 1961-1990 as reference period (Rudolf and Rapp, 2003); more specifically, the
largest part of precipitation contributing to this extreme monthly value occurred during the first half
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of the month. This is evident in Figure 32, showing the time series of hourly precipitation values for
the Lower Saxony Elbe Valley, considering the weighted mean of 7 ERA5 points belonging to the OAL
of Germany. The graph highlight how the precipitation occurs mainly in the second part of July and on
the first part of August, although never reaching the over-mentioned very high precipitation values,
which occur mainly in the central-east part of Germany.

Figure 32 - Hourly precipitation (mm/h) for OAL Germany on the period 1th July - 31th August 2002. Data
source: C3S (2017).

4.3.2. Summary of the other events
Over the whole Elbe area, two additional important floods occur, during spring 2006 and summer 2013
respectively. The first one was driven by the combination of precipitation and snowmelt (Younis et al.,
2008). Indeed, at the end of March, a high-pressure area caused a rapid increase of temperature
(shown in Figure 33), leading to the melting of snow cumulated during the winter. Then, warm and
humid air moved towards Central Europe by means of a low-pressure area from the Atlantic to
Western Europe.
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Figure 33 - Hourly 2-meter temperature (°C) for OAL Germany on the period 1th March - 30th April 2006. Data
source: C3S (2017).

Concerning the flood occurred in June 2013, it was caused by the combination of high soil saturation
and heavy rains. Specifically, at the end of May and beginning of June, intense precipitation took place
(Figure 34), caused by a cut-off upper low-pressure system moving from North-West eastwards. The
depression brought moist air from Mediterranean area that collided with cold air from the North.
Moreover, the strong precipitation occurred when the soil was already saturated, since the month of
May 2013 was particularly wet (http://cib.knmi.nl/mediawiki/index.php/Central_European_flooding_2013).

Figure 34 - Total precipitation (mm) during the periods 30 May - 2 June 2013 and 11 August - 12 August 2002.
Data source: C3S (2017).
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It is noteworthy that during the period 30 May – 2 June 2013 the total precipitation reached values
similar to the one recorded during the days 11-12 August 2002 (see Figure 34); however, during the
flood of 2002, the precipitation was concentrated in a shorter period, with higher daily values
compared to the event of 2013.
In addition to the floods, several storms occurred over Germany in the last 30 years. For example,
during the periods from 25th January to 1st March 1990 and from 13th September to 29th October
2017, a series of storms affected the whole European area, causing several damages. In particular,
concerning the 1990’s storms, the first one (called “Burns' Day Storm” or “Daria”) has been formed on
23th January as a cold front over the Northern Atlantic Ocean, strengthening on 25th January, when
an intense depression moved from north-west Europe eastwards. At the end of the storm series,
between 26th February and 1st March, other two severe cyclones affected the north-centre Europe
(called “Vivian” and “Wiebke” respectively), reaching a very low minimum in the northern Europe. For
what concerns autumn 2017, instead, three different storms took place, on 13th-14th September and
5th, 28th-29th October. Very low-pressure values were reached in correspondence of these different
storms, and very strong winds and gusts were observed. Figure 35 shows the daily mean wind speed
at 10m and the mean sea level pressure over Germany on several days affected by strong winds (26th
January 8th February, 12th February, 14th February, 26th February and 28th February 1990; 13th
September, 5th October and 29th October 2017). This picture shows very close isobars over the whole
Germany, highlighting the presence of a steep pressure gradient, which cause the strong winds
registered over the area of interest. For a deeper analysis over the OAL of Germany, Figure 36 shows
hourly values of the mean sea level pressure and wind speed at 10m considering two different periods:
16th Jan – 31th Mar 1990 and 1th Sep – 31th Oct 2017, highlighting the rapid decrease in pressure
when the several storms took place. High wind speed values have been found in correspondence of
the lowest pressure values, reaching about 13 m/s on 26th February.
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Figure 35 - Daily mean wind speed at 10m (m/s) and mean sea level pressure (green isobars) for OAL Germany
on January 26th, February 8th, 12th, 14th, 26th and 28th, 1990; and September 13th, October 5th and 29th, 2017.
Data source: C3S (2017).

Germany was also affected by very wet and dry periods. For example, from July to November 2017,
considering the weighted mean of the ERA5 points belonging to the OAL-Germany, a total of about
465mm of precipitation has been reached. Specifically, 160mm occurred only in July, when a daily peak
of 45.4mm has been registered over the OAL. In this case, a comparison has been carried out between
the mean monthly values computed considering the period 1981-2010 (obtained starting from the
ERA5 monthly averaged data) and the monthly values of the selected years (see Figure 37). From this
picture, it is evident that July 2017 has been affected by very heavy precipitation, reaching a value
higher than the maximum one detected over the reference period. On the other side, the period from
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May to October 2018 has been affected by very low precipitation values, in particular considering the
months May, July and October.
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Figure 36 - Hourly mean sea level pressure (hPa, in grey) and wind speed at 10m (m/s, in green) for OAL
Germany on the periods 16th January - 31th March 1990 and 1th September - 31th October 2017. Data source:
C3S (2017).

Figure 37 - OAL Germany. The black line represents the mean annual cycle of precipitation (mm/month)
computed over the period 1981-2010; grey area represents the spread between the minimum and maximum
values observed for individual months. Blue and red points show the monthly value for individual years
identified as too wet and too dry periods. Data source: C3S (2017).
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Table 16 - List of the extreme events in the OAL Germany and their respective summaries of weather
conditions.
Event Date

Meteo
System
01 Flood 11Vb weather
13/08/2002 system

Upper Air
Structure
Trough

02 Flood 03-04/2006 Warm
Trough
Mediterranean air
High pressure
followed by low
pressure
03 Flood 30/05Low pressure
Trough
02/06/2013

Max
Total
Type of Damage
Rain Rate* Precipitation*
2.8 mm/h 29.7 mm/72h Infrastructure,
Agriculture, Population,
Ecosystem, Livestock,
Shipping, Tourism,
Recreation.
2.3 mm/h 144.8 mm
Infrastructure,
Population, Ecosystem,
Shipping, Tourism,
Recreation.
1.5 mm/h 7.8 mm/94h

04 Storm 25/01Low pressure
01/03/1990
05 Storm 13/09Low pressure
29/10/2017 Extratropical
cyclone
06 Too
02/2016
Low pressure
Wet
07 Too
07-11/2017 Severe
Wet
downburst

Confluent
trough
---

2.2 mm/h

Trough
dominating
---

2.6 mm/h

08 Too
dry
09 Too
dry

07/1994

---

4.3 mm/h

07-08/2003 High pressure
dominating

Ridge

4 mm/h

10 Too
dry
11 Too
dry

06-07/2006 High pressure
dominating
04-10/2018 High pressure
dominating

Ridge

3.4 mm/h

---

---

---

2.6 mm/h

5.3 mm/h

Infrastructure,
Agriculture, Population,
Ecosystem, Shipping,
Tourism, Recreation,
Private households.
88.9 mm
Infrastructure,
Population
117.5 mm
Infrastructure,
Agriculture, Population,
Ecosystem.
75.6 mm
Infrastructure,
Ecosystem, Population.
July: 160.3mm Agriculture
Aug: 77.3mm
Sep: 82.2mm
Oct: 76.9mm
Nov: 68.8mm
42.3mm
Infrastructure,
Ecosystem, Population
July: 59.6mm Agriculture, Population,
Aug: 30.7mm Ecosystem, Livestock,
Shipping, Tourism,
Recreation.
June: 37.1mm Agriculture, Ecosystem.
July: 29.8mm
Apr: 57.8mm Agriculture, Livestock,
May: 14.6mm Shipping.
Jun: 23.6mm
July: 15.2mm
Aug: 36.9mm
Sep: 25.8mm
Oct: 15.2mm

*Weighted mean over 7 gridpoints inside the OAL area using the ERA5 dataset.
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4.4. OAL Greece
4.4.1. Case studies
i.

Flood (12/01/1997)

In order to evaluate the meteorological conditions of one the most severe disaster events in OAL
Greece in the past 30 years (1989-2018), this section presents an analysis of a flood occurred on
January 12th, 1997, when a persistent rainfall associated with a low-pressure system approaching
promoted a large amount of precipitation along the Sperchios River Valley, in central Greece. This
event affected three different places around the city of Lamia (Λαμία, in Greek), covering a total area
greater than 100 km² (three times larger than the second largest flood). The main mechanism of
flooding was a natural exceedance of the Sperchios River water level. The meteorological station
situated in Lamia (operated by the Hellenic National Meteorological Service) measured approximately
67mm accumulated precipitation on the 12th of January 1997.
The synoptic description uses hourly ERA5 datasets with a horizontal resolution of 0.25°x0.25° limited
for a specific domain around the OAL Greece region containing latitudes between 34.25°N and 41.25°N
and longitudes between 15.00°E and 28.00°E. The main results rebuild the period from January 10th
until the 12th, 1997, and use surface data for total precipitation, U and V wind components at 10 m
and isobaric level data (200 hPa) of divergence and wind.
Despite the magnitude inside the affected area, the rainfall associated with the flood event did not
reach alarming levels in terms of hourly precipitation. It resulted from a relatively weak but continuous
rainfall acting over a very large area around the Sperchios River runoff basin. The rain began on the
dawn of Jan 12th and lasted until the end of the day (and during a couple of hours on the 13th) with
precipitation ratios reaching approximately 1 mm/h. Eventually, some places along the valley recorded
values greater than 3 mm/h between 08h00 and 17h00 (local time), but the main mechanism behind
the flood was the integration of several hours of precipitation running off through the valley and
accumulating downstream of Sperchios river, near Lamia region.
The daily total precipitation (24h) is presented in Figure 38, where it is possible to identify a large area
with more than 30 mm/day of precipitation ranging from the mountains in the north of Greece to the
Saronic Gulf, in the south. The Sperchios River runoff basin is highlighted by a particular area where
the precipitation was greater than 60 mm/day (similar to the value recorded by the meteorological
station in Lamia), with peaks inside the area of interest. Another important precipitation area appears
over the Ionian Sea, marking the position of the cold front associated with a barometric low-pressure
system over the Ionian Sea.
Over the OAL region, the streamline wind field suggests a convergence between southeast cold winds
arriving from the low-pressure system and the northeast moist and warm winds coming from the
Aegean Sea. The result of these moist maritime winds interaction converging over the continental
terrain provides propitious conditions for deep cloud formation and heavy precipitation.
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Figure 38 - Total precipitation (mm/day) and streamlines of daily mean wind components at 10 m for OAL
Greece (Sperchios River) on Jan 12th, 1997. Data source: C3S (2017).

Note in Figure 38 that the precipitation area associated with the low-pressure system relates to the
Sperchios River area. Actually, the wind field shows a cold front positioned over continental Greece
induced by the presence of the low-pressure system. And this front produced a large amount of
precipitation in the OAL region. Just for reference, the average annual rainfall in Lamia meteorological
station is about 533.83 mm/yr (Stathopoulos et al. 2012). During the 24h of the reported flood event,
the total precipitation reached more than 10% of the entire value expected for a year.
The existence of a deep low-pressure system over the Ionian Sea is evidenced in Figure 39, where a
depression on geopotential height at 500 hPa level shows the low-pressure system acting also in the
high atmosphere. The upper air flow indicates a huge meridional transport of cold air from the poles,
typical of a cut-off low circulation. In continental Greece, the wind is blowing from southwest following
the deep low-pressure system flow, and in the opposite direction of the superficial winds (Figure 38).
This configuration represents a directional wind shear that supports convective systems, converting
the superficial moisture in clouds, and explaining the continuous precipitation over the OAL region. Its
presence is highlighted by the positive divergence area northward of the Sperchios River.
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Figure 39 - Daily mean geopotential height (m) and wind speed at 500 hPa for Europe on Jan 12th, 1997. Data
source: C3S (2017).

ii.

Flood (30.01.2015)

Another extreme event occurred from 29 January 2015 to 3 February 2015 and is selected here due to
the severity of the sustained phenomena which caused flash floods at the drainage basin of the
Spercheios river (Katsafados et al., 2018). Especially, intensive floods occurred at the valley of Lamia
city causing damages to roads, bridges, farmland and crops. This case was characterized by the
formation of two cyclonic systems over central and eastern Mediterranean Sea during the time period
from 29 January to 3 February 2015. On 29 January 2015 at 12:00 UTC a cut-off upper-level trough
supported the generation of a barometric low over the southern Ionian Sea which mostly affected
southwestern Greece with persistent rain (Figure 40a, Figure 41a). Meanwhile, a new barometric low
was formed over the Ligurian Sea (Figure 40b). System’s transformation to medicane was supported
by the southward meridional advection of an upper-level trough originated from Scandinavia (Figure
41b). On 30 January at 12:00 UTC, the minimum mean sea level pressure (MSLP) of the medicane
dropped to 974 hPa over northeastern Italy. During the following days, the medicane covered the
entire Italy and Greece and was accompanied by fronts which supported persistent torrential rainfall
(Figure 40c, Figure 41c). Meanwhile, the trough remained almost stationary over the Mediterranean
Sea (Figure 41d). This supported the slow passage of fronts over Italy and Greece until 2 February,
triggering gale force winds and heavy rainfall (Figure 40c-d). These severe phenomena caused flash
floods and damages mainly affecting western and central Greece.

D4.2 | Data record on extreme events by OAL and by hazard

65 / 105

GA no.: 776848

a) 29/ 0 1/ 20 15 12 UTC

b) 30 / 0 1/ 20 15 12 UTC

c) 0 1/ 0 2/ 20 15 0 0 UTC

d) 0 2/ 0 2/ 20 15 0 0 UTC

Figure 40 - Surface pressure analysis map (hPa) for (a) 29 January at 12:00 UTC (b) 30 January at 12:00 UTC (c)
1 February at 00:00 UTC (d) 2 February at 00:00 UTC, 2015. The maps are derived from UK Met office surface
analysis archive.

a) 29/ 0 1/ 20 15 12 UTC

b) 30 / 0 1/ 20 15 12 UTC

c) 0 1/ 0 2/ 20 15 0 0 UTC

d) 0 2/ 0 2/ 20 15 0 0 UTC

Figure 41 - Mean Sea Level Pressure (white contours in hPa), geopotential height at 500 hPa (black contours in
gpm) and thickness 1000-500 hPa (color shaded in gpm) for a) 29 January at 12:00 UTC b) 30 January at 12:00
UTC c) 1 February at 00:00 UTC d) 2 February at 00:00 UTC, 2015. The maps are based on GFS/NCEP analyses
and derived from http://www1.wetter3.de/Archiv/.
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During this 5-day consecutive rainfall (~120h) a total of 191mm accumulated precipitation were
observed in at a local station of the National Observatory of Athens (Myriki of Karpenisi). In Figure 42
the streamflow (m3 s-1), 3-hour accumulated precipitation (mm) and 3-hour accumulated snowfall
(water equivalent of snow in mm) from the 31 of January 2015 up to 2 February 2015 were obtained
from the WRF-Hydro system of the Institute of Marine Biological Resources and Inland Waters
(IMBRIW) of the Hellenic Center for Marine Research (HCMR).

a) 31/ 0 1/ 20 15 15 UTC

b) 0 1/ 0 2/ 20 15 0 3 UTC

c) 0 2/ 0 2/ 20 15 0 0 UTC

d) 0 2/ 0 2/ 20 15 18 UTC

Figure 42 - Streamflow (m³ s-¹), 3-hour accumulated precipitation (mm) and 3-hour accumulated snowfall
(water equivalent of snow in mm) on 31 January 2015 at 15:00 UTC (a) simulated by the WRF-Hydro model. b,
and d illustrate the above parameters simulated on the 1 February 2015 at 03:00 UTC, on 2 February 2015 at
00:00 UTC and 2 February 2015 at 18:00 UTC, respectively. Black dots represent two points at the Spercheios
river (stream order 6) and at Inachos (stream order 5), the main tributary of Spercheios. White dots represent
the locations of two automatic monitoring stations at Anthili and Alamana near the estuary of Spercheios. The
stations belong to the Institute of Marine Biological Resources and Inland Waters (IMBRIW) of Hellenic Center
for Marine Research (HCMR). Red dot represents the location of a meteorological station at Myriki of
Karpenisi. The station belongs to National Observatory of Athens (Katsafados et al., 2018).

Figure 43 below shows hydrographs-timeseries of precipitation and streamflow in the same diagramfor two locations (black dots in Figure 42) at Inachos branch and the main branch of Spercheios river.
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Figure 43 - Timeseries of precipitation (blue contours; in mm) and streamflow (red contours; in m3 s-1) from
29 January at 00:00 UTC to 3 February at 00:00 UTC 2015, for the location at Inachos branch (a) and for the
location at Spercheios river (b) as depicted in Figure 42.

4.4.2. Summary of the extreme events
The extreme events on OAL Greece are directly associated with the Sperchios River. When some
meteorological system adds an unusual volume of water to its run-off basin and the water level
exceeds the river capacity, a flood event occurs. As agriculture is the main economic activity in this
region, flood events can produce losses which may make the one-year budget unfeasible, mainly when
it affects the local infrastructure. Just to give a dimension considering only the 10 major flood events
of the last 30 years (Table 17), the total damage comes close to 2 billion euros (without exchange
variations) distributed over an impacted area around 180 km².
Table 17 - List of the top 10 extreme events in the OAL Greece and their respective summaries of weather
conditions.
Date
01
02
03
04
05
06
07
08
09
10

Event

Meteo
System
Single Cells
Cold Front
Cold Front
Cold Front
Cold Front
Single Cells
Cold Front
Single Cells
Single Cells
Medicane

Upper Air
Structure
Mer. Trough³
Cut-off Low
Cut-off Low
Cut-off Low
Conf. trough²
Diff. trough¹
Diff. Trough³
Diff. trough¹
Conf. trough²
Cut-off Low

Max
Rain Rate*
0.7 mm/h
4.5 mm/h
9.5 mm/h
5.0 mm/h
5.2 mm/h
1.7 mm/h
4.5 mm/h
0.5 mm/h
4.8 mm/h
6.0 mm/h

Total
Precipitation*
3.9 mm/120h
26.7 mm/48h
134 mm/72h
69.4 mm/24h
20.5 mm/24h
5.5 mm/24h
36.6 mm/48h
1.6 mm/120h
12.3 mm/24h
191mm/120h

Losses

31/12/1990 Flood
Agriculture
07/10/1994 Flood
Agriculture
21/10/1994 Flood
Agriculture
12/01/1997 Flood
Agriculture
25/12/2001 Flood
Agriculture
23/01/2003 Flood
Agriculture
31/01/2003 Flood
Infrastructure
28/05/2004 Flood
Agriculture
21/04/2006 Flood
Economic
29/01-03/02 Flood
Infrastructure
2015
agriculture
*Mean over 6 gridpoints inside the OAL area using the ERA5 dataset. ¹Diffluent trough. ²Confluent trough.
³Meriodional trough.

The main meteorological systems responsible for a large amount of precipitation over the Sperchios
river basin are the cold fronts associated with low-pressure systems at surface levels and a substantial
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vertical extent. When this configuration adds up to the transport and subsidence of polar air at upper
levels (cut-off low), the impacts can be even greater. And this pattern was reported for the 2 largest
flood events at OAL Greece (3 and 4, Table 17): the first (4), totalizing 70 mm of precipitation in one
day, and the second (3) reaching an amount of 134 mm in three days (C3S, 2017). Even when the
subsidence of the polar air is not dynamically induced, cold fronts still being capable to produce a
significant amount of precipitation in the presence of a trough on upper levels. These were the
meteorological patterns associated to events 2, 5, 7 and in the Table 17, with total precipitation of the
order of 20 mm/24h.
There are three flood events in particular (1, 6, 8 and 9 on Table 17) which the ERA5 reanalysis was not
capable to capture significant values of total precipitation due to its grid resolution. In these cases,
single cell storms were detected on satellite images (Figure 44) as a result of local scale circulations as
sea breezes and mountain breezes. This genre of storms is known to produce deep convection clouds
in a couple of hours, isolated, without any organization, and with a potential to produce a large amount
of precipitation in a proportional period. For all related cases, the atmospheric pattern was marked by
the absence of a synoptic forcing at surface levels and the position of the subtropical jet over the North
of Africa, which limits an amplification of atmospheric waves over the Mediterranean Sea and provides
an intense zonal flow in the higher levels. Hence, supporting the development of local circulation.

Figure 44 - Daily satellite images (Meteosat, visible channel) over Greece during events 1, 6 and 8, respectively.
Source: ©EUMETSAT (2019).

Although it is difficult to reach an absolute value valid for any time and for any meteorological
condition, the results presented in Table 17 suggests reference values that could indicate potential
events with enough total precipitation to overflow the Sperchios river. Therefore, if a meteorological
system provides at least 20 mm of total precipitation during 12 consecutive hours, and over several
points inside de OAL Greece area, there is a reasonable probability of flood occurrence. Note that these
values were estimated by ERA5 reanalysis to be used as a reference. It shall not replace an analysis
using observational data in any circumstance.
As far as drought hazard is concerned, the Sperchios River basin can generally be characterized as a
humid basin with an Aridity Index close to 1.0 (AI=0.93; Paparrizos et al., 2016), due to the increased
rainfall occurring in the mountainous sections surrounding the basin. The humid environment in the
upstream of Sperchios River prevents drought occurring in the lowlands of Sperchios River valley.
However, some differentiation appears during the summer period, to which special attention needs to
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be given in order to prevent drought conditions (Paparrizos et al., 2016). This is apparent in the
seasonal calculation of AI presented in Figure 45:

Figure 45 - Seasonal analysis of AI in Sperchios River basin: (a) spring (b) summer, (c) autumn and (d) winter.
Source: Paparrizos et al. (2016).

The seasonal AI calculation shows that the Sperchios River basin presents a heterogeneity in the
different seasons of the year. This phenomenon can potentialy create water scarcity conditions in the
summer (especially July and August) and even up to and including September, and within 3 months
(when it reaches the winter) it can produce a large amount of water due to extended rainfall and
snowfall that may even cause flooding, as has happened several times in the past (Maris et al., 2009).
During spring and autumn seasons, due the adequate rates of snowfall and the early high rainfall levels,
water availability in the basin is quite high.
Decreased AI values appear in the northwest of the Sperchios River basin. This specific area is
characterized by moderate altitude, compared to the rest of the basin which, combined with the small
size of the hydrographic network in the area, results in decreased values of the aridity index.
Additionally this area is located just before the township of Lamia in the centre of the Sperchios River
valley where most of the agricultural activity takes place. Therefore, special attention to these local
differences needs to be given. in order to avoid drought phenomena or lack of water availability in the
future (Paparrizos et al., 2016). It is important to mention that, within the Sperchios River basin, various
microclimates exist. Elevation differences (0–2327 m) and very steep slopes (0–83.8%) (Paparrizos,
2016) contribute to the emergence of these conditions throughout the Sperchios River basin.
It should be noted that in general Spercheios doesn`t suffer from severe meteorological/hydrological
droughts, but mostly agricultural droughts which are tied to "water scarcity" and the use of water.
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Therefore, special attention needs to be given to the future impact of water and climate change, both
on agriculture productivity and on the water as a physical commodity. Climate serves as a major driver
for the distribution of water within the water cycle and climate change is expected to affect available
water resources significantly (IPCC, 2013). Across southern Europe and Greece climate change is
expected to result in highest average and maximum/minimum temperatures, especially during
summer months (Kjellström et al. 2011). At the same time decreased precipitation, increased extreme
events and decreased soil moisture is expected to lead to more severe drought phenomena. As far as
water cycle is concerned, decreases in annual runoff and warming-induced evapotranspiration
increases are likely to occur. According to Christopoulou and Dimitriou (2017) climate change is
expected to have significant influence on the water availability of Spercheios basin (a deficit from 2 to
77x106 m3 per year depending on the climate change scenario) and since a large part of the basin is
occupied by agricultural activities, representing the highest anthropogenic water needs, it is important
to investigate ways which will lead to more sustainable use of water. Thus, the proper water
management of water resources in OAL Greece under climate change conditions, as well as the
calculation of indexes like the AI for future scenarios, is considered of the utmost importance.

4.5. OAL Austria
4.5.1. In depth analysis of selected event
The OAL Austria is located in Vögelsberg, eastern Austrian Alps, and is defined by a small area
associated with the Watten River catchment. Composed by several valleys and small tributaries
distributed along 11.5 km of the main river, the OAL Austria is exposed to two types of hazards also
common throughout the Tyrol region: landslides and floods. And according to historical records,
extreme rainfall events in this region can simultaneously trigger both hazards (Fliri, 1998). In most
cases, the identification of landslide events can be very long once the ground displacement occurs
about cm/year. Then, considering this temporal range, the in-depth analysis will focus on the flood
event occurred between 20 and 22 May 1999. By the way, this event was considered one of the
Pentecost floods (Pfingsthochwasser), a 100-year flood around the Pentecost season that mostly
affected Bavaria, Vorarlberg and Tirol. Particularly in this year, the flood was caused by heavy rainfall
coinciding with the regular Alpine meltwater.
The meteorological phenomenon that produced heavy precipitation in Vögelsberg began on May 18
in the North Atlantic Ocean, when a low-pressure system reached the European continent, causing
heavy rains along the Spanish and French coast of the Bay of Biscay (45°N, 5°W). Despite the great
vorticity, instability and precipitation associated with the system, its central area registered minimum
values of 1004 hPa on that day. The explanation for this was in the vertical structure. Looking
individually to the low-pressure system, It is possible to identify a cut-off low since the mid-atmosphere
providing all the dynamical support to the storm in surface levels. But looking widely, this system was
embedded in something much larger, the propagation of a very well established barotropic wave
system at high levels (Figure 46). According to Lorenz (1972), the concept of barotropic perturbations
derives from a basic state in which the stability properties of a pure Rossby wave propagate in a
synoptic plane typical of the higher levels, being barotropically unstable when the disturbances
present a frequency of the order of two days and a structure favourable to the formation of a zonal
Jetstream.
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A
B

Figure 46 - Daily mean (A) wind and height at 500 hPa and (B) wind and relative vorticity at 200 hPa over the
North Atlantic and Europe in 19 May 1999. Data source: C3S (2017).

Analysing Figure 46, it is possible to find easily the wave pattern along the Atlantic Ocean and the
European continent, where ridges and troughs line up in latitudes between 30 and 60°N as in the midatmosphere as well in the upper levels, propagating zonally from west to east, induced by an intense
Polar Jet since the mid-atmosphere (500 hPa). Systems of this genre are capable of producing a large
accumulation of precipitation for several and consecutive days. In the case of Vögelsberg, the storm
that triggered the Pentecostal Flood was the 3rd to reach the OAL Austria area in a short period of 15
days, leading the monthly precipitation to 228 mm/month, a value 60% higher than the climatological
average 1989-2018 to May according to the reanalysis dataset from ERA5 (C3S, 2017).
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During the three days associated with the flood event (20, 21 and 22 May), heavy rains reached the
Wattens River catchment for 54 consecutive hours beginning on the morning of the 20th and ending
at noon on the 22nd. The heaviest rains occurred on day 21, totalizing more than 67 mm/day in the
period from 9 am to 6 pm, when the rainfall rates always remained above 5 mm/h (Figure 47). This
happens precisely in the day when the low-pressure centre overpasses the Alps and the surface trough
associated with the cold front passes through the region of Vögelsber and reaches the OAL Austria.

Figure 47 - Daily total precipitation, daily mean wind at 10 m and daily mean sea level pressure over OAL
Austria during the flood event of 21 May 1999. Data source: C3S (2017).

4.5.2. Summary of the extreme events
A summary of the major landslide and flood events over the OAL Austria area is presented in Table
AU1. The first is the previously evaluated flood event. The second refers to a landslide event that
occurred on October 5th, 2008, where an area of 25,000 m² slid on the slopes of Vögelsberg. Although
there were weak rainfalls in that period totalizing only 41.4 mm between the days 02 and 04 October
(72h), there was no associated meteorological system. All precipitation was produced by an instability
area supported by a confluent trough at 500 hPa associated with an extratropical cyclone very distant
from there, in extreme northern Europe. In the days after, this trough evolved into a cut-off low, but
when the system was acting over the Balkans. It is difficult to associate the landslide only with the
small volume of water precipitated during the three days of the event. Possibly other factors were
more decisive for the occurrence of this hazard. The other events in the list refer to 2 landslide events
occurred in a very large time scale (order of months) and in a very small ground displacement velocity
(around cm/year), making a more detailed meteorological analysis unviable to these events.

D4.2 | Data record on extreme events by OAL and by hazard

73 / 105

GA no.: 776848
Table 18 - List of the extreme events in the OAL Austria and their respective summaries of weather conditions.
Date
01
20-22/05/1999
02
05/10/2008
03 01/05-15/08/2016
04 01/08-30/09/2017

Meteo
Upper Air
Additional
Losses
System
Structure
Information
Flood
Low Pressure
Cut-Off Low
¹180 mm
Lifes/Infrastructure
Landslide Instability Area Confluent Trough
²0.025 km²
--Landslide
----³10 cm/year
--Landslide
----³11.5 cm/year
--Event

¹Daily precipitation; ²Affected area; ³Maximum displacement rate; ⁴Maximum rain cumulative difference.

4.6. OAL United Kingdom
4.6.1. In depth analysis of selected event
The selection of the main extreme events in Catterline was based on local monitoring data starting
from 2011, where events with precipitation above 30 mm were considered potential triggers for
landslides and coastal erosion in the small area of the OAL United Kingdom. This value was established
based on the average annual precipitation and represents 5% of this value. As there are no economic
activities associated and only 150 inhabitants living there, no record of extreme events was found to
this region beyond that previously mentioned, occurred on 12 October 2012, when the local stations
recorded total precipitations between 30 and 40 mm during 2 periods of 11 and 16 hours, respectively.
For this reason, this event was chosen for a more detailed analysis from the meteorological point of
view.

Figure 48 - Daily mean temperature and sea level pressure over the North Atlantic Ocean and Europe at surface
level to October 11th, 2012. Data source: C3S (2017).

The atmospheric disturbance that produced heavy rainfalls and landslides in Catterline begins few days
earlier and about 2000 km away, in the Denmark Strait between Greenland and Iceland. This region is
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known as one of the main cyclogenesis areas of the North Atlantic, capable of producing low-pressure
centres that intensify up to 24 hPa in just 24 hours. The fact that it is located in the convergence zone
of the Ferrel cell where warm winds from mid-latitudes meet the cold air from the north pole at surface
levels is only one of the ingredients that influenced the building of a 1000 hPa low-pressure system on
the night of day 8. On the following days, the system intensified but without present a significant
displacement, while the related cold front advanced toward Ireland and United Kingdom. The
minimum sea level pressure was recorded on the morning of day 11 (Figure 48) with a value of 980
hPa supported by a closed and well-defined geopotential depression at mid-atmosphere (500 hPa)
stacked above to the surface core, as well as to an intense trough at 200 hPa level. At the same time,
the cold front already arrived in the United Kingdom and produced about 30 mm of rain for 11 hours
in Catterline starting from midday.
Although the cold front approaching had already produced a significant rainfall accumulation to
Catterline standards, most of the water volume at this event reached the small catchment area on the
morning of day 12 (Figure 49), when local weather stations recorded 42.2 mm in a small interval of 16
hours, accompanied by wind gusts of the order of 14 m / s (W43). In addition, during the two days that
marked the passage of the cold front, strong winds blowing from southeast against to the shoreline of
the small bay of Catterline led to an increase in sea level (Figure 49). Thus, these factors acting together
culminated in large coastal erosion followed by landslides at several points along the shoreline of the
small UK OAL.

Figure 49 - Daily total precipitation, mean wind and mean sea level pressure over the OAL United Kingdom at
surface level to October 12th, 2012. Data source: C3S (2017).

4.6.2. Summary of the extreme events
Even knowing that in recent years only one extreme weather event was able to produce damage to
the small OAL UK, it is important to highlight other events with potential to trigger landslides and
coastal erosion in Catterline. In fact, this region is well accustomed to precipitation events, since the
rainfall regime is well distributed throughout the year, making impossible to identify a dry or a rainy
season. For this reason, every rainfall event with amounts above 5% of the annual climatological
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average (> 30 mm/event) warn the population and local authorities. The list of all events that have
exceeded this threshold since 2011 is shown in Table 19.
Table 19 - List of the extreme events in the OAL UK and their respective summaries of weather conditions.

01
02
03
04
05

Date

Event

18/07/2012
12/10/2012
04/07/2015
25/06/2016
06/06/2017

Storm
Landslide
Storm
Storm
Storm

Meteo
Upper Air
System
Structure
Cold Front
Diffluent Trough
Cold Front
Cold-core Low
Occluded Front
Cold-core Low
Low Pressure
Cut-off Low
Low Pressure Confluent Trough

Event Total
Precipitation¹
30.8 mm/16h
41.4 mm/11h
30.6 mm/11h
35.4 mm/14h
40.8 mm/32h

Losses
--Coastal Erosion
-------

Legends: ¹Datasource: www.pedrox.com.

4.7. OAL Ireland
4.7.1. In depth analysis of selected events
The River Dodder is one of the principal rivers in Dublin. It rises in the Dublin Mountains and flows
through many residential areas of Dublin including the suburban areas of Tallaght and Rathfarnham
and through the city areas of Donnybrook and Ballsbridge before discharging into the River Liffey
estuary at Ringsend. The lower section of the river is tidal up to Ballsbridge. The River Dodder has a
history of flooding and is known as a river which responds quickly to a rainstorm event (Bradford et al,
2012), mostly because of the steep gradient of the river in its upper section. In the last century, it has
overflowed its banks on numerous occasions causing damage to adjacent properties. The first
significant event occurred on the 1st February 2002 when a very strong high tide occurred and over
600 properties were flooded on the lower Dodder downstream of Lansdowne Road Bridge (Javelle et
al, 2002). The same magnitude of flood occurred again on the 24th October 2011 when a similar
number of properties were flooded throughout the catchment. As only these two events have
produced floods throughout the Irish OAL in the last 30 years (1989-2018), both will be evaluated in
detail in this section.
i.

Flood (02.02.2002)

Similar to the analysis for OAL UK cases, the intense rainfall events able to trigger flooding on the
Dodder River are associated with the low-pressure systems originated in the Denmark Strait. Here,
both cases of 2002 and 2011 presented the same atmospheric pattern. The first one, when a major
flood reached the Irish capital on February 2nd, 2002, resulted from the approaching of an
extratropical cyclone formed a few days earlier, which reached its maximum stage on day 1 remarked
by a low-pressure core at sea level of 948 hPa (daily average, Figure 50), supported by a deep
depression up to the high levels of the atmosphere, where was possible to observe a cyclonic rotation
at 200 hPa limited by intense winds of the polar jet that induced the storm movement towards the
north of Europe. Although the extratropical cyclone did not actually pass over the continent, the
rainfalls associated with the phenomenon reached Dublin for, at least, 5 consecutive days. In this
period between January 30 and February 3, several sites near the Dodder River recorded high
precipitation according to the local authority (www.met.ie). The largest occurred on February 1st,
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where some weather stations recorded rainfall rates above 15 mm/h resulting in several flood points
throughout Dublin, especially in the areas around the Dodder River.

Figure 50 - Daily mean temperature and sea level pressure over the North Atlantic Ocean and Europe at surface
level to February 2nd, 2002. Data source: C3S (2017).

ii.

Flood (14.10.2011)

In October 2011, a severe flooding event took place in Dublin, with the Dodder badly affected and
numerous homes flooded. As a result of this event, a series of interventions up-stream and downstream of the flood event aimed at reducing the flood risk in the areas affected by the 2011 flood event
of the Dodder were planned and deployed as part of the Dublin City Development Plan 2011-2017 and
2016-2022. Flood defences incorporating 100-year river flow, plus 300 mm freeboard have been
constructed in several locations up-stream and down-stream of the affected areas on both sides of the
river. The concrete wall in Lansdowne Lane has been increased in height to above the October 2011
flood levels as a temporary flood measure. The works to date would also reduce the risk of flooding
due to overland flows downstream. No defences have been taken into consideration in the flood zones
except for the very large embankment in the Merrion Cricket Club. An increase of 20% on top of the
estimated 100-year fluvial level is planned to be catered for by storage upstream of where the Tallaght
Stream joins the Dodder, in order to account for sensitivity to climate change.
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Figure 51 - Daily total precipitation, mean wind and mean sea level pressure over the OAL United Kingdom at
surface level to October 12th, 2012. Data source: C3S (2017).

The weather pattern repeats again. The extratropical cyclone that resulted in the severe flood event
at OAL Ireland began on day 19th in the cold waters of the sea that separates Greenland and Iceland,
intensifying in the following days and advancing towards the UK. Unlike the previous case (Feb 2002),
in this turn, not only the cold front but also the cyclone reached the Irish lands (Figure 51) and for this
reason, the precipitation accumulations were significantly higher. According to reanalysis data from
ERA5 (C3S, 2017), the cold front arrived in the Irish capital on the morning of the 23rd producing more
than 18 mm in the first 16h of event. However, the largest volume of water came the following day
when the cyclone entered the island through Wales, producing more than 45 mm of precipitation in
just during 12 hours and resulting in floods in the OAL Ireland. This time, what induced the meridional
displacement of this extratropical cyclone towards the continent was its vertical structure that
presented a cut-off low in mid-atmosphere (Figure 52).
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Figure 52 - Daily mean wind and geopotential height at 500 hPa over the North Atlantic and the European
continent on October 24th, 2011. Data source: C3S (2017).

4.7.2. Summary of the extreme events
As the only two extreme events which reached the Ireland OAL in the last 30 years (1989-2018) have
already been introduced and detailed in the previous section, a summary of the main features of each
one of these flood events is presented in Table 20.
Table 20 - List of the extreme events in the OAL Ireland and their respective summaries of weather conditions.

01
02

Date

Event

01/02/2002
24/10/2011

Flood
Flood

Meteo
System
Cold Front
Cold Front

Upper Air
Structure
Cold-core Low
Cut-off Low

Event Total
Precipitation*
31.4 mm/120h
64.0 mm/36h

Losses
Proprieties
Proprieties

Legends: *Mean values through 9 gridpoints (ERA5) located inside OAL area.

4.7.3. Flood risk and residential accommodation costs
This section presents an analysis of the relationship between flood risk and residential accommodation
costs in the Irish OAL, both sales and rental, using a detailed dataset of over 650,000 sale and rental
listings in Dublin, Ireland over the period 2006-2015 (Figure 53). These are combined with detailed
data for the Dodder river on 1% flood risk and past flooding events. This section is based on a recently
published work by Pilla et al. (2019).
This OAL case study investigates behavioural responses to a natural hazard (flooding) by examining the
cost of residential accommodation, both sale and rental. This type of research is important for at least
two reasons. First, results can be used to develop cost effectiveness studies, which attempt to assess
the economic merits of policies that change the likelihood or magnitude of an event (Zerger, 2002).
Residential housing markets provide an avenue for estimating these values since the choice of where
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to live includes, at least implicitly, the choice of risk level. Second, research on the role of natural
hazards in urban housing markets is important also because the methodology provides a mechanism
for testing consumer behaviour under uncertainty.

Figure 53 - Dublin OAL location map (adapted from Pilla et al. (2019)).

In order to implement the case study of October 2011, the analysis uses the revealed preference
approach by assuming that the presence of the flood risk is considered by the buyer when choosing
the location of a house. As such, the other underlying assumption is that sale and rental costs reveal
individual preferences regarding the acceptance of flood risk, among other services offered by housing:
this is a reasonable assumption if appropriate controls for differences in the property and the location
are included (Watts and Zimmerman, 1979). In this case study, such differences are set as
neighbourhood or location characteristics and assessed by controlling the variance between sale and
rental costs of houses located inside and outside the flood risk zone. Observed prices and rents and
the specific characteristics associated with house define a set of implicit or “hedonic” prices (Rosen,
1974).
A housing unit is considered as a differentiated market good representing a set of hedonic prices as a
bundle of quantitative and qualitative characteristics: hedonic prices are defined as the implicit prices
of attributes and are revealed to economic agents from observed prices of differentiated products and
the specific amounts of characteristics associated with them (ibid.). In this case study, the dependent
variable is the listed price, either sale or rental (both in natural logs, and the rent converted into
monthly terms, where necessary).
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The key regressors of interest reflect flood risk, calculated relative to two geographically delineated
areas. The first is the 1% risk zone, i.e. areas scientifically assessed to be at risk of flooding by the
Dodder once every 100 years (Figure 53). The second measure is the zone of historical flooding events
on the Dodder. Both to account for zero values (i.e. properties being inside these risk zones) and to
escape restrictive functional forms on the impact on accommodation costs of distance from these
zones, these flood-risk variables can take one of seven values. A value of zero means that the property
is inside the flood risk zone (either 1% or historical events). Values of 1 to 5 denote 100 meter bands
from 0-100m up to 400-500m from the risk zone, while a value of 6 denotes any distance of more than
500 meters from the flood risk zone.
The baseline empirical specification, Model (0), expresses the dwelling’s accommodation cost, either
sale price or monthly rent, as a function of flood risk and the following four vectors of control variables:
when it was listed on the market (as a proxy of market conditions); its size (number of bedrooms and
bathrooms); its type; and other attributes, such as whether it has a garden or, for rental properties,
whether a washing machine or internet access is included. All these variables are included as sets of
indicator (0/1) variables. This flexible functional form means that no strong assumptions are made
about the impact of related but distinct property attributes, for example, the price effect of a fourth
bedroom being the same as a fifth.
Such a model is likely to suffer severely from the problem of omitted variable bias, due to the presence
of location-specific amenities within Dublin. Therefore, Model (1) includes distance from Dublin’s
Central Business District (measured in logs) and a fifth vector of control variables: location, as
measured by the Census ‘electoral division’ (ED) in which the property is located. The dataset covers
334 Census EDs.
Measuring the impact of flood risk on the value of accommodation as a service or an asset is rendered
problematic due to the collinearity of flood risk with distance to water-based amenities, such as rivers,
lakes and the coast. Model (2) specifically includes these distances, in order to capture the potential
amenity benefit of being close to these features, controlling for risk. Without these, the coefficient on
flood-risk may suffer from an attenuation bias or even a wrong sign, depending on the strength of the
two opposing effects. Including these factors means the model can distinguish between proximity to
water amenities, including the Dodder river, and the risk of flooding by the Dodder.
While EDs will capture many location-specific amenities, there will be variation within Census tracts,
as well as across them, in population and neighborhood characteristics that may affect the value of
accommodation. Therefore, Model (3) – the full model – includes a range of Census features measured
at the sub-tract level, the Census ‘Small Area’, which typically consists of between 100 and 200
households. Factors included in this specification include the local unemployment rate, the fraction
with a university degree, the average size and age of dwellings in the neighborhood (the latter proxied
by the fraction of dwellings dating from before 1914), the percent of local authority housing, and
population density. Also included in Model (3) is the elevation of the dwelling and the slope of its site,
as well as distance from the nearest primary and secondary school and from the nearest train or light
rail station.
All of the models so far include the two measures of flood risk simultaneously. To check the robustness
of the results, the full specification, Model (3), was run separately on the two measures of flood risk –
being within the 1% zone and being within the flood event zone. These results are reported as Model
(4).
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Lastly, the occurrence of the major flooding of the Dodder in October 2011, close to the middle of our
sample, and after the compilation of the flood event zone presents an opportunity to assess how a
new flood event affects dwelling prices and rents in the vicinity. Model (5) includes the two sets of
flood risk measures – 1% and events – on their own (capturing the average effect throughout the
sample) and interacted with a categorical post-2011 flood variable (capturing how that effect was
different after the flood compared to before).
i.

Effects of flooding on sale prices

Results are presented in Figure 54, Model 0 does not include any location fixed effects or attributes.
This suggests a number of implausible results, including a large premium (+10.7%) for a property being
located within areas affected by historical flood events. This is likely due to a number of high-income
areas being located near the Dodder, relative to the control group (100m-200m away). This result
disappears once location controls are included (Model 1).
Once location fixed effects are included, there is a clear negative impact of being within the Dodder
flood event zone – but no clear impact of being within the Dodder 1% risk zone. Relative to properties
100-200 meters away from the zone of historical flood events, properties inside that zone had during
the period covered roughly 3% lower prices, everything else being equal. There is some evidence of a
mild river amenity specific to the Dodder also, as properties 100-200m away were on average more
valuable than those further away.
However, for the 1% risk zone – and controlling for a full range of dwelling, location and neighborhood
attributes (Model 3) as well as Dodder flood events – there is if anything a positive premium, although
this is not statistically significant. Indeed, once location controls are included, there is no statistically
significant difference between properties inside the 1% risk zone (p-value=0.346), properties 0-100m
from the zone (p-value=0.958) and the control group (100-200m away). These properties all have
statistically significant higher values on average than those properties at least 200m away, once
sufficient controls for location and other natural amenities are included.
ii.

Effects of flooding on rental prices

Results from the analysis on rental prices are presented in the Figure 54. As for sale prices, in Model 0,
only basic controls were included, and no location fixed effects were included. Again, this specification
generates a number of implausible results, including a large premium (+9.2%) for a property being
located within areas affected by historical flood events. As with sale prices, this is likely due to a
number of high-income areas being located near the Dodder, relative to the control group (100m200m away), which results in higher rental costs in these areas. This result disappears once location
controls are included (Model 1).
Once location fixed effects are included, there is a clear negative impact of being within the Dodder
flood event zone – but no clear impact of being within the Dodder 1% risk zone. This is shown in Figure
54. Relative to properties 100-200 meters away from the zone of historical flood events, properties
inside that zone had during the period covered roughly 2% lower prices, everything else being equal.
There is some evidence of a mild river amenity specific to the Dodder also, as properties 100-200m
away were on average more valuable than those further away.
Once again, where the measure of flood risk is the 1% risk zone – and controlling for a full range of
dwelling, location and neighborhood attributes (Model 3) as well as Dodder flood events – there is if
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anything a positive, if not statistically significant, relationship between flood risk and price. Once
location controls are included, there is no statistically significant difference between properties inside
the 1% risk zone (p=-value=0), properties 0-100m from the zone (p-value=0) and the control group
(100-200m away). These properties all have statistically significant higher rental prices on average than
those properties at least 200m away, once sufficient controls for location and other natural amenities
are included.
The results are qualitatively similar to those for the sales segment. For scientifically assessed flood risk,
if anything, there is a positive relationship between rental prices and proximity to locations most at
risk of flooding, controlling for other factors. For past flood events, there is a negative relationship,
although it should be noted that this effect is more muted than for sale prices: whereas being within
the zone of past flood events entailed a price discount of 3.4% in the full model (Model 4), the rental
discount was less than half the size (1.5%).

Figure 54 - Impact on sale and rental prices of proximity to Dodder 1% risk zone and event zone (Pilla et al.,
2019).

iii.

2011 floods

The richness of the dataset available for this analysis includes variation by flood-risk measure, by
distance and by time, as described in the Methods Section. For rental properties, the 2011 flood
appears to have had little impact on the relationship between flood risk and rents (Figure 55). Both
sets of results are qualitatively similar for pre- and post-flood periods, with no statistically significant
difference in rents for properties in the area flooded in 2011. Overall, the lack of a negative relationship
between distance from flood risk and rental costs remained in the post-flood period.
However, for sale properties, the 2011 flood saw a dramatic change in the relationship between
scientifically assessed risk and property values. As shown in Figure 55, the moderate downward slope
for the period as a whole when split into pre- and post-flood periods reveals a strong downward slope
prior to October 2011 and a strong upward slope after, out to 200m-300m from the risk zone. This
upward slope for the post-2011 period is consistent with economic theory: holding other factors
constant, greater risk of flooding is associated with lower property values. Controlling for 1% risk and
previous flooding events, properties inside the area flooded in October 2011 had no statistically
significant difference in price prior to this date, compared to properties 100m-200m away. However,
after the 2011 floods, these properties listed at a discount of 6.6%.
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Figure 55 - Impact on rental prices of proximity to Dodder flood event zone – before and after 2011 flood zone
(Pilla et al., 2019).

4.8. OAL China Hong Kong
4.8.1. In depth analysis of selected events
The typhoon Mangkhut was a Category 5 system that affected mainly Philippines, Guam and Hong
Kong, it was the third-strongest tropical cyclone worldwide in 2018, and the strongest one to affect
Hong Kong ever recorded, since 1946. As of September 23, at least 134 fatalities have been attributed
to Mangkhut, including 127 in the Philippines, 6 in mainland China, and 1 in Taiwan.
The system was first detected as “tropical disturbance” around 12°N, 178°E on September 5, and
quickly started the rotation the following day. In Figure 56, the images in the Infrared Channel 9 of the
JAXA geostationary meteorological satellite Himawari are shown in grey tones, from 06.09 (Figure 56a)
to 17.09 (Figure 56n). The system underwent a rapid intensification in the following days, showing a
clear spiral like shape on 07.09 and 08.09 during its eastward motion. On 11.09 a clear eye feature,
estimated as 39 km wide is present (Figure 56f), and on this day, the Joint Typhoon Warning Center
(JTWC) classified Mangkhut as a category 5 system. The Japan Meteorological Agency (JMA) assessed
that the typhoon's central pressure reached its minimum at 18:00 UTC with 905 hPa, with 10-minute
sustained winds of 205 km/h and one-minute sustained winds of 285 km/h. The category 5 condition
was maintained for the following days, when Mangkhut hit Luzon on 15.09, and the interaction with
land surface caused the weakening of the typhoon (Figure 56l). The following day Mangkhut made its
landfall in Hong Kong (Figure 56m), and rapidly dissipated the following day moving inland (Figure 56n)
on 17.09. In Hong Kong the hourly mean wind of 81 km/h with gusts of 169 km/h were recorded at the
Hong Kong Observatory in Tsim Sha Tsui, while at Cheung Chau island average and gust speed reached
157 and 212 km/h, respectively. The strongest winds in Hong Kong were recorded on the mountain
peak of Tate's Cairn, with 10 minutes sustained winds of 189 km/h gusting up to 256 km/h.
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Figure 56 - Himawari infrared channel (11 micron) images of the evolution of Mangkhut typhoon, from
06.09.2018 (top left) to 17.09.2018 (bottom right).

Serious flooding was reported in many seaside residential areas, due to storm surges of up to 3.38
metres at Tai Po Kau, and more than one thousand of people sought refuge in emergency shelters
opened by the Home Affairs Department. Hong Kong International Airport cancelled and delayed a
total of 889 international flights. More than 200 people were injured, but no fatalities were reported.
Due to the substantial damage and disruption caused by the typhoon, the Education Bureau
announced that all schools would be closed on 17.09 and 18.09. On 17.09 was reduced the level of
service on some lines of the railway system, due to blocked sections of track, and most of the city's
600 bus routes were also out of service due to roads blocked by debris.
Though no death cases were reported related to Typhoon Mangkhut, its effect caused over 300
injured, blocked roads, and transportation chaos caused by fallen trees and other debris, power and
water outage, serious floods, and severely damaged public and private facilities. Around 40,000
households experienced a power outage and some residential estates were left without water. A
survey carried on one thousand Hong Kong citizens after the Mangkuht landfall (Yeung and Lam, 2019)
shown that, while some common preparedness measures were taken (taping windows, food
stockpiling, and closing of doors/window), only a few percent of the respondents were prepared for
water and power outage. More education on typhoon preparedness, especially on power and water
outage and more community-level support on localized disaster preparedness advice, would likely
improve disaster preparedness for the Hong Kong public.
In the Table 21 are reported the 10 typhoons that caused the highest amount of damages in Hong Kong
area in 1989-2018. Few general indications can be extracted from the overall analysis.
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Table 21 - List of the extreme events in the OAL China Hong Kong and their respective summaries of weather
conditions.
Name
Category

Date

16-21/05/1989

Min
slp
(hPa)
970

Max wind Origin
speed (m/s)
10min
120
Monsoon trough

Brenda
(1)
Gordon
(5)
Sam
(1)
York
(1)
Neoguri
(3)
Nuri
(3)
Chanthu
(1)
Vicente
(4)
Hato
(3)
Mangkhut
(5)

Direction

Effects in Hong Kong

15-16/07/1989

915

185

19/08-23/08/1999 980

100

12-17/09/1999

980

100

17-18/04/2008

960

150

22/08/2008

955

140

Tropical disturbance South East storm surge 0.74m
rain total 300 mm
Low pressure
South
Rain total 237 mm in
1 day
Tropical disturbance East

19-23/07/2010

965

130

Tropical depression South

23/07/2012

950

150

Tropical disturbance East

22-23/08/2017

965

140

Tropical depression East

14-16-09/2018

905

205

Tropical depression East

South East Rain total 323 mm

Tropical Upper
East
Max wind 192 m/s
Tropospheric Trough (northern storm surge 1.36 m
Luzon)
Monsoon trough
South East Rain total 616 mm

Rain total 200 mm,
storm surge 1.5m

storm surge 3.38m

4.9. OAL China Mainland
4.9.1. In depth analysis of selected event
The Shiyang River, which gives the name the study area, lies in the north China among the arid plains
of the world's largest continent, Asia, surrounded by the Himalayan Mountains to the south, and by
the Mongolian Plateaus to the north. Although this study area is positioned just over 400 km northeast
from Qinghai Lake, located 1500 m above in the mountains to the southwest, the nearest significant
water body is more than 3000 km to the east in the Yellow Sea. Therefore, only considering this
geographic information, it is possible to explain the very low annual amount of precipitation over the
OAL China, with values around 140 mm/year stored in only 74 days per year according to the
climatology 1989-2018 (C3S, 2017).
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A
B

Figure 57 - Climatological monthly mean geopotential height at 500 hPa and wind at 200 hPa over the Asian
continent to (A) January and (B) July relative to the period between 1989 and 2018. Data source: C3S (2017).

The distance from relevant water bodies also has a direct impact on the air temperature, which
presents a large annual thermal amplitude about 30°C, with mean daily minimums of -17°C in January
up to mean daily maximums of 31°C in July. The rainy season occurs mainly during the summer months
(July, August and September) and concentrates more than 60% of the annual precipitation with
averages around 30 mm/month. When some atmospheric phenomenon or pattern interposes the
rainfall regime of this period, perhaps it compromises the regime of the entire year. Fortunately, this
scenario was observed only 2 times in the last 30 years and defined the drought cases to be evaluated
in this section: the first in the summer of 1991 and the second in the summer of 2013.
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Like almost all of Asia, the annual precipitation cycle in the Shiyang River basin responds well to the
displacement of the Inter-Tropical Convergence Zone (ITCZ). During the winter months, the ITCZ takes
places in the southern hemisphere, intensifying the temperature gradient between the equator and
the north pole, resulting in the intensification of the Subtropical Jet (Figure 57a). The Jetstream, in
turn, prevents the moist and warm air from the Indian Ocean to reach the high latitudes of the OAL
China. On the other hand, during the summer months, the situation changes (Figure 57b). The ITCZ
returns to the northern hemisphere and starts the Monsoon season, reducing the equator-pole
temperature gradient and hence reducing the intensity of the subtropical jet, that often vanishes over
central Asia. Therefore, a small part of the monsoon precipitation is encouraged to overpass the
Himalayan Mountains and enter the Shiyang River catchment.
The drought event in the summer of 1991 reached the level of ‘extremely dry’ on the Standard
Precipitation Index (SPI) scale that analyses climate change through the space-time evolution of the
rainfall regime. Analysing the atmospheric circulation of those months in comparison with their
respective climatology, a positive anomaly in the wind speed at high levels was observed, pointing out
an intensified Subtropical Jet over the Shiyang River region (Figure 58). Associated to this, an
amplification of a wave in 500 hPa resulted in an anomalous geopotential depression (also in 500 hPa)
over East Asia. The ridge at 500 hPa is more intense than expected for this period and position a
subsidence area exactly over Shiyang river region. This configuration indicates the action of a highpressure system at surface levels as the main forcing to the absence of rainfall during the month of
July over the OAL China.

Figure 58 - Anomalies of monthly mean geopotential height at 500 hPa and wind speed at 200 hPa over the
Asian continent to July 1991 relative to the period 1989-2018. The wind vector describes monthly mean to July
1991. Data source: C3S (2017).

The second event to be analysed dates back to the drought occurred in the summer of 2013,
characterized by a slightly longer period than the previous one, which also considered the spring
months of that year. Despite this, the event was categorized as "severely dry" on the SPI scale, one
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down from the drought event of 1991. As shown in Figure 59, the atmospheric circulation pattern is
the same presented in the drought analysis of 1991 event. In other words, drought-favourable
conditions caused by a high-level wave amplification (500 to 200 hPa) that positions a subsidence area
to the east of the ridge (and to the west of the trough) over the OAL region of China. In this case, the
geopotential depression in the mid-atmosphere over East Asia was also observed, as well as the
intensification of the Subtropical Jet. However, a positive wind speed anomaly is observed over the
Himalayan Mountains, south of the Shiyang River basin, which only remarks an ITCZ positioned more
northward than typical during this month.

Figure 59 - Anomalies of monthly mean geopotential height at 500 hPa and wind speed at 200 hPa over the
Asian continent to August 2013 relative to the period 1989-2018. The wind vector describes monthly mean to
August 2013. Data source: C3S (2017).

4.9.2. Summary of the extreme events
As the only two extreme events which reached the OAL China in the last 30 years (1989-2018) have
already been introduced and detailed in the previous section, a summary of the main features of each
one of these flood events is presented in Table 22.
Table 22 - List of the extreme events in the OAL China Mainland and their respective summaries of weather
conditions.

01
02

Date

Event

07-09/1991
04-10/2013

Drought
Drought

Meteo
System
High pressure
High pressure

Upper Air
Structure
Diffluent Ridge
Diffluent Ridge
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6 months
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4.10. OAL Australia
4.10.1. In depth analysis of selected event
The principal meteorological event of the last thirty years (1989-2018) in the OAL Australia occurred
on March 23rd, 1997, when the tropical cyclone Justin produced more than 250 mm/day of
precipitation just over the Weany Creek catchment. The tropical cyclone last for 19 days and other
nearby regions also suffered from floods, heavy rainfalls and wind gusts resulted from this storm.
According to BOM (2019), the total damage was estimated to values about AU$4M (1997 values),
included more than 40 houses with leaking roofs, uprooted many trees, severe beach erosion and coral
reef damage around Heron Island, the Whitsundays and along the Queensland coast. Unfortunately,
this list also includes more than 35 lives lost at Queen Charlotte and Townsville, and at sea to the south
of Papua New Guinea.

Figure 60 - Daily mean temperature and atmospheric pressure at surface over Australia showing the position
of the tropical cyclone Justin at Coral sea in March 20th, 1997. Data source: C3S (2017).

The tropical cyclone Justin began as a tropical disturbance in the sea north of the Solomon Islands from
10-12 March. At this period, this region is occupied by the South Pacific Convergence Zone (SPCZ), the
largest and most important piece of the Intertropical Convergence Zone (ITCZ) characterized by lowlevel convergence and a long band of cloudiness as well as showers and thunderstorms, with least
dependence upon heating from a nearby landmass during the summer than any other portion of the
monsoon trough. During the early days, the storm intensified but exhibited a short detachment limited
only to the SPCZ area. At day 18, the tropical storm was promoted to a tropical cyclone over the
northern Coral Sea and began its journey towards the highest latitudes. At day 20 (Figure 60), its lowpressure core became well defined and concentric, acting from the surface up to the high levels of the
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atmosphere, where the divergence associated with the anticyclonic flow already pointed to the high
destructive power of the storm.
In fact, after crossing latitudes of 15°S, Justin showed a faster westward shift until the afternoon of the
21st, when the tropical cyclone made landfall near to Cairns city (northern Queensland). However,
instead of keep moving inland across the coastline, Justin head to the south following the coastline,
passing into the OAL region of Australia during the dawn of day 23, and dissipating near to Brisbane
on March 31. The rainfall in Weany Creek on day 23 totalized 256.8 mm (Figure 61) distributed in two
hourly peaks with amounts greater than 20 mm/h. Winds blowing from northeast at surface levels
provided the thermodynamic support needed to keep the tropical cyclone active, bringing the warm
and moist air from SPCZ, and converging against the coastline in the low-pressure area. Although Justin
quickly passed over Weany Creek, the tropical cyclone brought precipitation that easily exceeded the
30 mm pointed out by McCulloch et al (2003), sufficient to trigger the transport of sediments from
gully erosion to the main channel and, consequently, to the Great Barrier Reef.

Figure 61 - Daily total precipitation, wind field and atmospheric pressure at surface over OAL Australia when
the tropical cyclone Justin wreaked Weany Creek in March 23th, 1997. Data source: C3S (2017).

4.10.2. Summary of the extreme events
The OAL Australia covers a small and uninhabited region used primarily for cattle farming. Records of
possible local damage caused by extreme weather events are rare and make an analysis of their
impacts a hard task. Nevertheless, the main concern in this study is related to events of heavy
precipitation capable to trigger the transport of gully erosion sediments to the Burdekin River. Then,
analysing the impacts of these events over Weany Creek neighbouring areas may provide a reasonable
dimension of the impacts of these events on the region as a whole. According to BOM (2019), 7 of the
10 events previously cited in Figure 17 have records of destruction and deaths resulting from floods,
storm-surges and wind gusts triggered by these storms. The damages easily summed hundreds of
millions of Australian dollars during the last 30 years, wreaking havoc on several properties, boats,
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parks, roads and bridges. Unfortunately, apart of the lives lost, the greatest damage is incalculable and
refers to a direct impact on the natural ecosystem in the Great Barrier Reef.
A list of the 10 major meteorological events which produced the largest daily precipitations over
Weany Creek in the last 30 years (1989-2018) is presented on Table 23. As a semi-arid region, the
annual rainfall pattern in Weany Creek is well defined (Errore. L'origine riferimento non è stata
trovata.) with the rainy season during the summer months (December to March) and the rest of the
year extremely dry. In fact, the events highlighted in Table 23 happened in the summer. And all of
them are mainly associated with the positioning of ITCZ and its main branch, SPCZ, which during this
period of the year migrates to latitudes between 5 and 20°S, favouring the convergence of moisture
and heat at surface and, consequently, the formation of vigorous storms and often tropical cyclones.
Table 23 - List of the extreme events in the OAL Australia and their respective summaries of weather
conditions.

01
02
03
04
05
06
07
08
09
10

Date

Event

23/03/1997
10/01/1998
15/02/2002
30/01/2014
26/12/1990
02/02/2011
23/03/1990
14/01/2008
03/01/1991
16/03/2000

Storm
Storm
Storm
Storm
Storm
Storm
Storm
Storm
Storm
Storm

Meteo
System
¹Trop. Cyclone
Tropical Low
³Iso. ThStorm.
¹Trop. Cyclone
¹Trop. Cyclone
¹Trop. Cyclone
Tropical Low
Tropical Low
³Iso. ThStorm.
³Iso. ThStorm.

Upper Air
Structure
Warm Low
²Msn. Trough
²Msn. Trough
Warm Low
Warm Low
Warm Low
²Msn. Trough
²Msn. Trough
²Msn. Trough
²Msn. Trough

Max
Rain Rate*
22.0 mm/h
18.2 mm/h
26.9 mm/h
10.4 mm/h
15.7 mm/h
10.1 mm/h
12.7 mm/h
13.7 mm/h
18.4 mm/h
9.8 mm/h

Total
Losses**
Precipitation*
300 mm/48h
Lives
210 mm/48h
Lives
237 mm/72h
Properties
105 mm/24h
Properties
143 mm/48h
--138 mm/48h Infrastructure
157 mm/48h
--134 mm/72h Infrastructure
108 mm/48h
--103 mm/48h
Properties

Legends: *Mean over 4 gridpoints inside the OAL area using the ERA5 dataset (CS3, 2017). **Source: BOM (2019). ¹Tropical
Cyclone; ²Monsoon Trough; ³Isolated Thunderstorms; 4Infrastructure.

The main meteorological phenomena that acts on OAL Australia are the tropical cyclones which, even
at the dissipation stage, can produce large amounts of precipitation over Weany Creek. Several tropical
cyclones passed over Queensland region in the last 30 years. Among those with impacts in the study
area are Justin (23/03/1997), Dylan (30/01/2014) and Yasi (02/02/2011). The latter is on Australia's list
of major tropical cyclones throughout history, with records of a low-pressure core of 929 hPa, wind
speeds of 285 km/h, and accumulated precipitation that exceeded 400 mm/day at various points of
the east coast (Figure 62), classifying Yasi as a tropical cyclone of category 5 on the Saffir-Simpson
scale. The vertical structure of these meteorological systems is characterized by a warm and moist
cyclonic flow at surface, passing through a non-divergence level in the middle atmosphere (≈500 hPa),
and becoming an anticyclonic flow at high levels, where cold air from the upper atmosphere is
transported to the surface through the centre of the system (eye), intensifying the storm and extending
the lifetime of the tropical cyclone. This vertical pattern is known as Warm Low and was observed in
all tropical cyclone events of Table 23.
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Figure 62 - Radar Image of the severe tropical cyclone Yasi for Feb 2nd, 2011. The eye is located over the Coral
Sea about 150 km from Cairns, while the OAL Australia is near to Townsville in largest rainfall area. Data
source: BOM (2019).

Located approximately 80 km from the coastline over terrain with reliefs around 600 m, Weany Creek
is not always effectively influenced by tropical cyclones passing along the Queensland coast. As
mentioned previously, even after a passage of a tropical cyclone, it is possible to observe favourable
conditions to the appearance of local storms or low-pressure systems less intense but able to produce
severe rainfall, particularly when the dynamic support in upper air remains. In this case, the monsoon
trough. As an example, the events 2 (10/01/1998), 7 (23/03/1990) and 8 (14/01/2008) of Table 23,
where the vertical structure of tropical cyclones lost force after made landfall and the anticyclonic flow
aloft vanishes. However, the monsoon trough provides enough conditions for the continuity of the
storm as a low-pressure system at surface, the so-called tropical lows. The same applies to events 3
(02/15/2002), 9 (03/01/1991) and 10 (03/16/2000), when the low-pressure at surface also vanished
and, even then, the instability conditions were maintained resulting on isolated thunderstorms.
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5.

Conclusions

After the wide-range analysis carried on to accomplish the Task 4.2, few conclusions can be drawn to
summarize the work done and to highlight key features on the hydro- meteorological risks in the
OPERANDUM OALs. The activity has been carried on at OAL level, and the results are reported above,
OAL by OAL, while the conclusions will be discussed on the type-of-risk basis, aiming to give a more
complete view.
We already reported that the different nature of the OALs prevented the use of a common and
standardize approach for all sites, given also the different expertise and core activity of the Partners in
charge. This reflected on all the three steps of this Task (search for data, adopt criteria for selection,
analyse events), and has to be regarded as one of the strongest point of this Task and the whole
OPERANDUM Project.
5.1.1. Search of severe events occurred in the OALs (1989-2018).
After a first preliminary approach, based on the use of global disaster data repositories (EM-DAT,
NatCatService), it was soon clear that to have a detailed view of the impacts of hydro- meteorological
hazards in the OALs a more refined strategy should be pursued to search for hydro- meteorological
events of interest for OPERANDUM. The OAL groups considered different sources of information,
ranging from direct consultation of stakeholders, to the inspection of local historical database, to the
analysis of primary to grey literature. In Table 24, the main search strategy for each OAL are
summarized.
Table 24 - Sources for the search of extreme events in the OALs.
OAL

IT

Newspaper records

FI

DE

X

X

Scientific literature

X

X

Local authorities

X

X

Direct data analysis

X

X

X

GR

AT

UK

IE

CH

HK

AU

X
X

X
X

X
X

X

X
X

X

Global repository
Internal database

X

X

X

5.1.2. Adoption of criteria to select “extreme events” in the OALs.
With coherent approach, the criteria used to select “extreme events” was decided by the OAL groups,
according to their knowledge of the OAL environment, in the broadest sense. The criteria adopted can
be grouped in three families: 1) quantitative (fixed threshold); 2) quantitative (data analysis); 3)
qualitative (impact evaluation). The first group refers to the cases when a specific indicator (i.e. a
geophysical observable) is selected and a fixed, numerical, threshold is set to a value adopted after the
analysis of long enough time series (30 to 50 years), according to local Authorities and scientific
literature. The second group is when a numerical indicator is selected, but the length of the available
data record is not long enough to perform statistical assessment, so that the threshold used is set after
a subjective analysis of the available data. Of different nature are the third criteria family: the “extreme
events” are selected after meetings with stakeholders and local Authorities, and/or search in all
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communication media, especially local newspaper and web pages. The key word for the search of
information was mainly the amount and type of damages (Table 25).
Table 25 - Different approaches used by the OAL for the different hazard types. All the adopted criteria are
markedly site-specific.
Event
Flood
Storm
Surge
Landslide

IT
River
Level
Wave
Energy

Drought
Heatwave

FI
Impact

DE
Impact

GR
Flooded
Areas

AT
Impact

UK

IE
Flooded
Areas

CHK

CML

AUS

Impact
Landslide Rainfall
Speed
Rate

River
Flow

Impact

Rainfall
Rate

Aridity
Index

Impact

SPI
Impact

Quantitative, site specific, threshold values: numerical thresholds are used to classify the severity of events, after local
climatology. Quantitative threshold values defined looking at OPERANDUM dataset. Qualitative assessment after direct
analysis of multidimensional data (stakeholders’ reports, impact on media)

Finally, it has to be remarked that given the long period considered for this study (30 years), in many
OALs it has been difficult to find comparably long data records.
5.1.3. Hydro- meteorological hazards in the OALs.
i.

Flood

The main meteorological trigger for river flooding in considered OALs is precipitation, however in
different regions often other mechanisms become relevant such as the melting of snow. When rainfall
is the main forcing on the river basin, as usually happens, for example, in the Mediterranean area, it
can originate from convective systems, or from long lasting rain bands related to frontal systems and
cyclonic structures. Of course, melting snow can also contribute in the Mediterranean OALs, especially
in spring. Convective systems usually are able to yield few hundreds of millimetres of rain in few hours,
and are often responsible to “flash flood” occurred mainly in small scale basins with very short
response time (LLasat et al., 2010), as it is the case of OAL Ireland and, in one case, OAL Greece.
In the Mediterranean OAL of OPERANDUM (OAL Italy and OAL Greece), we reported cases of frontal
bands precipitation, with lower rainrates, but lasting for several tens of hours, where convection is still
present, but embedded in larger scale, synoptically forced systems. Convective driven flooding
episodes occurred also in our alpine OAL (in Austria) where the Watten torrent flooded after the
subsequent overpass of the troughs of a barotropic wave. In the German OAL, many cases of Elbe river
flooding are reported, caused by long lasting frontal precipitation, due to cyclonic development in
spring and summer. Moreover, in OAL Germany, stakeholder pointed out the occurrence of local
flooding directly linked to heavy/persistent rain, without the river overflow: these cases are often
caused by similar meteorological settings.
The OAL Finland shows other characteristics: flooding has a large component due to melting snow,
able to drive the most severe cases of nutrition and sediment loading in the Puruvesi Lake.
Precipitation usually is linked to the frequent overpass of cold and warm fronts, with also the
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contribution of summertime thunderstorms: in these cases, the downburst could increase the loading
of organic matter.
ii.

Storm surge

Storm surge episodes in the OALs where this risk is present, occur over a wide range of meteorological
phenomena. In tropical area (OAL China Hong Kong) storm surge originates from high-energy cyclonic
systems (typhoon), that usually form over open ocean, in well defined seasons (late spring to late
summer, in the northern hemisphere), getting energy from the relatively warm tropical sea surface
and eventually approaching the coast, causing the local increase of the sea level and high waves. In
case of typhoon landfall, strong winds are able to uproot trees, impact on traffic (especially air traffic)
and damage glass windows and other weak structures. While the lifetime of a typhoon could last for
one week or more, its impact on the coastal environment is limited to a one day of less, depending on
the storm trajectory and strength.
At higher latitudes (OAL Italy), storm surges take place as effect of relatively short (2 days), wintertime,
sea storm, that results in relatively strong winds, sea level increase and high waves. While tropical
cyclones invest generally small areas, usually such mid-latitude storms, always linked to extra-tropical
cyclonic development, are meso-to-synoptic-scale systems. Thus, they affect wide areas and are
weakly influenced by the coast, so that they can propagate inland, extending scale and type of the
impact. Such storms usually last for few days and, depending on their speed, can insist on the same
area or, moving faster, impact at regional or Country scale. One of the storms occurred in OAL Italy,
was able produce storm surge along the whole Northern Adriatic coast, and to cause river flooding in
the middle of the Po Valley (Panaro river).
In the OAL United Kingdom similar pattern of storm resulting in multiple hazards: in this very small
area, one storm approaching from the sea (linked to a cyclonic development in the Denmark strait)
caused high waves and sea level rise, the flooding of the creek and landslide on the coastal slopes.
iii.

Landslide

The landslide is complex phenomenon, resulting from the interplay of different mechanisms, often
triggered by rainfall, that acts over different time scales including a wide range of ground movements.
The two landslide sites of OPERANDUM (OAL United Kingdom and OAL Austria), have common
characteristics: very small size of the area, and lack of measurement of the intensity of displacement.
In Austria is active since April 2016 a cutting edge monitoring tool (ATTS) that allows a detailed
monitoring of any small displacement (around one centimetre per year) with high temporal resolution.
This dataset allows the direct observation of the relationship between displacement and
precipitation/soil moisture. Unfortunately, the short dataset span prevents the systematic study of
these relationships. Our analysis, concentrated on two periods when continuous precipitation caused
a marked acceleration of the displacement, was difficult, especially because the very small size of the
area, well below the ground resolution of ERA5 (0.25°x0.25°) and remote sensing products (such as
IMERG, 0.1°x0.1°). The overall analysis of the two periods did not show peculiar characteristics with
respect to the normal spring/summer conditions, indicating also the importance of other mechanisms
on the landslide triggering.
In OAL United Kingdom we do not have measurement of displacement, but one case of cliff erosion
was recorded, linked to a large storm that caused also storm surge and flooding. We carried on the
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analysis of the cases from 2011 (when monitoring started) with a rain amount above 30 mm, that
represents the 5% of the yearly rain amount. Heavy rainfall in the Catterline area occur in summer,
when the North Atlantic Subtropical High (NASH) is positioned further north at latitude near 40°N. Also
in this case, the limited size of the OAL made difficult deeper analysis, as Catterline presents a marked
micro-climate.
The Australian site, where monitoring tools are absent, is characterized by gully erosion, due to
precipitation. For this case, we considered heavy precipitation episodes as estimated by ERA5 dataset:
we selected the 10 events with the highest cumulated precipitation in the 1989-2018 period. The main
meteorological systems producing heavy rainfall in Weany creek area are tropical cyclones. However,
being the OAL inland (80 km) and protected by 600 m high hills, the impact of the hurricanes are much
weakened.
iv.

Drought

Drought is another complex phenomenon, that derives from the interaction of several environmental
conditions and forcings, that act at different time scales, making difficult the definition of start and end
dates. In the OAL China Mainland, as an example, is a dry region, and usually precipitation comes only
in summer months: the anomalous lack of precipitation in this period of the year leads to prolonged
drought conditions. On the other side, the OAL Greece is a humid area with relatively abundant
precipitation, however, the agricultural activities often need to make intensive use of Spercheios River
waters, making the river level decrease. This phenomenon has very weak linkage with meteorological
setting in the area.
In the OAL Italy we had a relatively dry period (2002-2006) when in three cases hydrological drought
was recorded in summer. In one case (2003) a heat wave caused the anticipation of irrigation in the
Po Valley, increasing the impact of peculiar meteorological settings. In general, all drought cases were
by an anomaly of the geopotential pattern in July: in the drought years, the ridge over north Africa
extend its action area to the central Mediterranean, bringing warm and dry air from that region. A
significant drought in 2003 occurred also in OAL Germany, again linked to the heat wave was impacting
all over Europe, while other drought cases in OAL-DE were strongly linked to long lasting high pressure
systems.
5.1.4. OPERANDUM ICT Platform
The OPERANDUM Project will release in the next few months an innovative platform, called GeoIKP,
deployed under WP7, where all the data presented in this report (and all other data produced or used
in OPERANDUM) will be available to the users.
While the structure of GeoIKP is still under definition at the moment of this delivery and the present
report, few features are already settled and internally used in demo-mode. For each of the events
reported in this document, all the time evolution data can be displayed, in order to make available
more information than the ones presented in this document. The 3D dataset (e.g. atmospheric
pressure, wind, moisture, etc…) can be visualized in horizontal and vertical sections, allowing the
overlap of different meteorological fields with other data types (e.g. land use, assets value, population
density) provided by other WPs.
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