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To define such drought events and their characteristics, separate analyses based on three drought indices were
performed at 12-month timescale: the Standardized Precipitation Index (SPI), the Standardized Precipitation
Evapotranspiration Index (SPEI), and the Reconnaissance Drought Index (RDI). A multivariate combined drought
index (DXI) was developed by merging the previous three indices for more understanding of droughts’ features at
the country and subregional levels. Principal component analysis (PCA) was used to identify five different drought
subregions based on DXI-12 values for 312 Mediterranean stations and a new special score was defined to
classify the multi-subregional exceptional drought events across the Mediterranean Basin (MED). The results
indicated that extensive drought events occurred more frequently since the late 1990s, showing several drought
hotspots in the last decades in the southeastern Mediterranean and northwest Africa. In addition, the results

showed that the most severe events were more detected when more than single drought index was used.

climate change drought event Mediterranean basin meteorological drought SPEI
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| 1. Climate Change and the Growing Risk of Drought Hazard

Climate change, in combination with accelerated population growth, has been described as the biggest human
threat of the 21st century, putting natural systems and, thereby, sustainable human and environmental resource
development at increased risk . The intensive climate extremes are projected to result in a change in water
availability, exacerbate carbon losses in terrestrial ecosystems, and further raise water vapor content in the
atmosphere, thus amplifying the warming impacts and increasing mega-droughts worldwide B4, Drought is one
such recurring, widespread, complicated, costliest and disruptive climate extreme that frequently occurs as a result
of differential responses to climate warming in different climatic regimes R8I, Recently, drought has begun to be
seen not as a purely natural hazard, but partially as a result of human action, which has altered many of the
characteristics of drought I8, One-fifth of the global destruction caused by natural disasters can be attributed to
droughts &, where the dramatic population and economic growth has resulted in increasing demand for water that
substantially intensified the frequency of global drought events (22, Pandemics can potentially exacerbate drought
impacts 1 as it was found that drought is among the most obvious reasons for displacement and disturbance
during the coronavirus pandemic 1223 Droughts in the 21st century are identified as multifaceted, challenging
natural disasters 1413 and are characterised by longer duration, higher severity, larger spatial extent and hotter

temperature that can potentially result in many deleterious impacts on ecological security, with non-linear
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alterations in ecosystem functions and resilience Bll4l, Systematic reviews 1871 have indicated an accelerated
transition to a more arid climate over several areas as the result of an increased tendency of frequent and intense
droughts. Meanwhile, human-induced global warming and rapidly expanding human populations have already
influenced water availability and storage, increasing pressure on water supplies, affecting the long-term ecosystem
and increasing their sensitivity to droughts 418 As a result of 1.5 to 2 °C global warming, two-thirds of the world
population will experience increasing droughts; the drought magnitude is likely to double in 30% of the global land
by the end of this century 2229 An important part of drought problem is that its current definitions refer to the
drought only from the perspective of human dimensions, focusing primarily on meteorological, agricultural,
socioeconomic and cultural impacts without addressing its ecological dimensions 2. The occurrence of
widespread drought in developing and developed societies has underscored the sensitivity of all communities to
this natural hazard. It is not easy to know whether the drought frequency is increasing, or rather the community
exposure to it. This tendency appears to be accelerating as a result of the increasing demand on both local and
regional water resources [22. The socioeconomically devastating impacts of frequent drought events have recently
resulted in several global assessments of future drought conditions to better support populations and improve
management plans in order to reduce direct and indirect cascading drought impacts 23124251 Combining the
natural and human dimensions of drought is one of the most fundamental steps in addressing the increased risk of
drought in the 21st century [181126]

| 2. Drought, Climate Change and the Mediterranean Context

The MED is identified as one of the most responsive hotspots of the climate system in the face of increased
dryness at global warming levels beyond 1.5 °C 27, The IPCC 1.5 degree Special Report (SR15) has pointed out
that the increased anthropogenic warming in the MED has contributed to increased drying in the northern
hemisphere mid-latitude areas including the MED (28129, Furthermore, with global warming of 2 °C, desertification
is also predicted to occur in the MED by the end of the 21st century, resulting in an expansion of areas with
significant decreases in water availability, with an accompanying increase in aridity, driving irreversible terrestrial
biodiversity loss and affecting the Mediterranean ecosystem carbon storage in the coming decades Y. The MED
experienced more frequent and severe meteorological and hydrological droughts in recent decades, which is in line
with the expected trend towards high frequencies of drought periods in a future warmer climate 332, Above 2 °C,
the MED could become more vulnerable to drought, calling for the development of a variety of adaptation
mechanisms and the pursuit of drastic adaptive responses to cope with these extreme climate events, including
mitigation strategies in addition to radical changes in the social structure and human communities 33134l The
complexity of the Mediterranean climate, with its high rainfall variability and its unequal seasonal distribution in
addition to the observed dynamical and physical atmospheric process complexities 221381 produced the conditions
that have led to the high sensibility and vulnerability of this region to droughts BZ. Droughts are not spatially

coherent in the MED 381 demonstrating different spatial patterns even at the regional scale E2149],

The main goal of our study is the identify and characterise meteorological drought events over the MED by

constructing a robust list of the most relevant drought events that occurred in the MED between 1975 and 2019,
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and analysing these events. The severity, intensity, spatial extent, peak month, area involved at peak month and
the frequency of drought occurrence are the essential characteristics that we have investigated. Compared to the
existing drought datasets, we have provided some important developments and novelties that include a new and
detailed database of drought episodes over the MED. The importance of this dataset is that it deals in details with
the drought events in the Eastern Mediterranean and Middle East (EMME), where drought studies are still relatively
few. Based on quality-checked and homogenised data, three drought indices were applied in order to obtain
detailed information and better understanding of drought events’ features over the MED in addition to formulating a
strong dataset of these events, taking into account the impacts of both precipitation (PP) and temperature (TEMP).
The obtained drought events records have specific entries at both the country and subregional scales, which can

then be used to extract the main drought characteristics for each subregion.

The remainder of this paper is structured into five main sections. In Section 2, we present the input data, study
area and the selected drought indices. The main characteristics of different drought events and the new applied
system for classifying the drought events are also demonstrated in this part. Section 3 displays the analysis results
and discussion and describes, separately: the database structure; the collected records at the country and
subregional scales; the biggest constructed drought events; and the drought dynamics in terms of large-scale
teleconnection patterns. Finally, Section 4 derives some conclusions from the main results and includes some

critical research questions for evaluating future studies of drought in the region.

| 3. Conclusions

This study has provided a comprehensive dataset of exceptional meteorological drought events over the
Mediterranean during the 1975-2019 period that contains hundreds of constructed drought events at the national
and subregional scales. Three drought indices were computed at 12-month accumulation scales and a new
combined indicator was obtained (DXI-12) as the average of these three indices to identify the meteorological
drought due to both rainfall shortage and climatic water balance. The drought event databases are identified by
monthly series of the DXI-12 at the national and subregional scales. Based on the drought-event dataset, we have
also investigated in detail the main characteristics of the obtained drought events in different subregions across the
MED, including duration, severity, intensity, spatial coverage, peak month, area involved at peak month and the
frequency of drought occurrence. This new approach has proved to be effective in detecting the most relevant
Mediterranean drought events at the national and subregional scales as it is based on data obtained with high-
quality control, a multi-indicator method, and a strong statistical setting. The evaluated drought quantification,
which includes these three indices, gives a more reasonable estimation of water demand as a result of including
evapotranspiration. Generally, our newly developed DXI-12 provides better information about drought identification
and more realistic characteristics of dry spells compared to a single drought index and, thereby, provides a better
tool for monitoring water resources, especially in semi-arid and arid ecosystems. According to the results presented
in this study, the MED is shown to be a region that is water-stressed and prone to severe and exceptional droughts.
The drought episodes show that the EMME and most areas of the NA and southern Europe, including south Italy

and Spain, underwent a drying phase during the study period, with the highest drought severity and intensity from
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the late 1990s onwards. These findings are in line with recent scientific literature 28141 The combination of
individual indicators depicts the spatial extent of a drought situation across the MED and gives an overview of the
drought drivers. The DXI-12 indicates that droughts over the MED were mainly driven by temperature increases
with the inherent increase in the PET, particularly in the humid area, whereas rainfall did not change appreciably. A
new grade classification approach for identifying the most relevant extreme events is identified by the three-
dimensional array (severity, intensity and spatial coverage). The new classification approach and database
extracted from combined indices the time series have listed twenty-four multi-region big drought events, which
were previously documented. The new classification has allowed us to discover the most hotspots that have
displayed the highest severity and intensity and included the largest area over the MED. The significant trends
towards larger drought areas and higher drought severities and intensities in all subregions and mainly occurred in
the EMME. Although the actual precipitation anomalies exhibit relatively large effects on drought occurrence, we
can also conclude that the rapid warming of the MED in recent decades presents a relatively greater role in
determining droughts than that of precipitation variations in several areas, especially in the Balkans and west

Turkey.

In this paper, we have detected several drought hotspots that have tended to experience more severe, intense
wide and more long-lasting drought events between the subperiods 1975-1996 and 1997-2019 in all subregions.
Dynamically, the region lies at a crossroads of large-scale influence from the Atlantic Ocean and the Mediterranean
Sea, which results in regionally severe and prolonged droughts. Dynamically, the region is a junction of regional
influence from the Mediterranean Sea, Europe, and Asia, as well as large-scale influence from the Atlantic Ocean
and the Mediterranean Sea. A complex range of atmospheric circulation patterns influences have been shown to
have at least some influence on the droughts of the MED, both nationally and regionwide, particularly the WeMO
and the EATL/WRUS.

The WeMO pattern and the EATL/WRUS appear to play the strongest role in forcing wide droughts at the
subregional scale, including the two widest and most devastating droughts of the last 40 years (1999-2001 and
2007-2012). A relative role is played by the NAO and ULMO in the NA in these episodes; in addition, a relationship
between the SCAND and the area in drought in western and the Adriatic is found. The drought event datasets
produced by this study still need to be improved in some respects. The extension of the data to drought events to
include more historical data is significant for studies of climatic dynamics and ATPs in order to understand the long-
term variation of droughts and develop monitoring and forecasting tools to help to adapt to and mitigate drought.
Moreover, including realistic socio-economic data will strongly improve the prospects for drought risk assessment
in the future as many combined meteorological, hydrological, and social drivers contribute to drought occurrence.
Finally, these constructed exceptional drought events at the national and subregional scales can help researchers
and relevant stakeholders in dealing with the multitude of such drought events and assess their risk by
investigating the correlation between the severity and duration of each event and documented impacts in different
sectors. As an initial possible application, we are planning to exploit this dataset in exploring the synergy and

combination between these exceptional droughts and heatwaves across the MED.

https://encyclopedia.pub/entry/12995 4/8



Mediterranean Drought: Regional Exceptional Datasets | Encyclopedia.pub

References

1.

10.

11.

Haile, G.G.; Tang, Q.; Moghari, S.M.H.; Liu, X.; Gebremicael, T.G.; Leng, G.; Kebeda, S.; Xu, X.;
Yun, X. Projected impacts of climate change on drought patterns over East Africa. Earth’s Future
2020, 8, e2020EF001502.

. Cook, B.; Seager, R.; Williams, P.; Puma, M.J.; McDermid, S.; Kelley, M.; Nazarenko, L. Climate

Change Amplification of natural drought variability: The Historic mid-twentieth-century North
American drought in a warmer. J. Clim. 2019, 32, 5417-5436.

. Pérez, G.R.; Vico, G. Effects of Temperature and Water Availability on Northern European Boreal

Forests. Front. For. Glob. Chang. 2020, 3.

. Wang, M.; Zhi, D.; Chaoyang, W.; Lisheng, S.; Mingguo, M.; Pujia, Y.; Bingqing, L.; Xuguang, T.

Divergent responses of ecosystem water-use efficiency to extreme seasonal droughts in
Southwest China. Sci. Total. Environ. 2021, 760.

. Jiao, W.; Tian, C.; Chang, Q.; Novick, K.A.; Wang, L. A new multi-sensor integrated index for

drought monitoring. Agric. For. Meteorol. 2019, 268, 74-85.

. Singh, R.M.; Shukla, P. Drought characterization using Drought indices and El Nifio effects. Natl.

Acad. Sci. Lett. 2020, 43, 339-342.

. He, B.; Change, J.; Wang, W.; Zhou, S.; Chen, C. Spatio-temporal evolution and non-stationary

characteristics of meteorological drought in inland arid areas. Ecol. Indic. 2021, 126, 107644.

. Yang, P.; Xia, J.; Zhang, Y.; Zhan, C.; Cai, W.; Zhang, S.; Wang, W. Quantitative study on

characteristics of hydrological drought in arid area of Northwest China under changing
environment. J. Hydrol. 2021, 597, 126343.

. Srinivasarao, C.H.; Rao, K.V.; Gopinath, A.; Prasad, G.; Runachalam, A.; Ramana, D.B.V,;

Ravindra Chary, G.; Gangaiah, B.; Venkateswarlu, B.; Mohapatra, T. Chapter Two—Agriculture
contingency plans for managing weather aberrations and extreme climatic events: Development,
implementation and impacts in India. Adv. Agron. 2020, 159, 35-91.

Mondala, S.K.; Huang, J.; Wang, Y.; Su, B.; Zhali, J.; Tao, H.; Wang, G.; Fischer, T.; Wen, S.;
Jiangc, T. Doubling of the population exposed to drought over South Asia: CMIP6 multi-model-
based analysis. Sci. Total Environ. 2021, 771, 145186.

Mishra, A.; Bruno, E.; Zilberman, D. Compound natural and human disasters: Managing drought
and COVID-19 to sustain global agriculture and food sectors. Sci. Total Environ. 2021, 754,
142210.

https://encyclopedia.pub/entry/12995 5/8



Mediterranean Drought: Regional Exceptional Datasets | Encyclopedia.pub

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Phillips, C.A.; Caldas, A.; Cleetus, R.; Dahl, K.A.; Barreto, J.D.; Licker, R.; Merner, L.D.; Partida,
P.0.J.; Phelan, A.L.; Spanger-Siegfried, E.; et al. Compound climate risks in the COVID-19
pandemic. Nat. Clim. Chang. 2020, 10, 586-588.

Schwartz, S.A. Climate change, Covid-19, preparedness, and consciousness. Explore 2020, 16,
141-144.

Parsons, D.J.; Reyb, D.; Tanguyc, M.; Holman, I.P. Regional variations in the link between
drought indices and reported agricultural impacts of drought. Agric. Syst. 2019, 173, 119-129.

Esit, M.; Kumar, S.; Pandey, A.; Lawrence, D.M.; Rangwala, |.; Yeager, S. Seasonal to multi-year
soil moisture drought forecasting. Clim. Atmos. Sci. 2021, 4.

Cammarano, D.; Ceccarellib, S.; Grando, S.; Romagosa, |.; Benbelkaceme, A.; Akarf, T.; Yassin,
A.; Pecchionihi, N.; Franciai, E.; Ronga, D. The impact of climate change on barley yield in the
Mediterranean basin. Eur. J. Agron. 2019, 106, 1-11.

Sardans, J.; Urbin, F; Grau, O.; Asensio, D.; Ogaya, R.; Pefiuelas, J. Long-term drought
decreases ecosystem C and nutrient storage in a Mediterranean holm oak forest. Environ. Exp.
Bot. 2020, 177, 104135.

Crausbay, S.D.; Ramirez, A.R.; Carter, S.L.; Cross, M.S.; Hall, K.R.; Bathke, D.J.; Betancourt,
J.L.; Colt, S.; Cravens, A.E.; Dalton, M.S.; et al. Defining Ecological Drought for the Twenty-First
Century. Bull. Am. Meteorol. Soc. 2017, 98, 2543-2550.

Stott, P.A.; Christidis, N.; Otto, F.E.L.; Sun, Y.; Van Oderlinden, J.P.; Vautard, R.; von Storch, V.;
Walton, P.; Yiou, P.; Zwiers, F.W. Attribution of extreme weather and climate-related events. Wiley
Interdiscip. Rev. Clim. Chang. 2016, 7, 23-41.

Diffenbaugh, N.S.; Singh, D.; Mankin, J.S.; Horton, D.E.; Swain, D.L.; Touma, D.; Charland, A.;
Liu, Y.; Haugen, M.; Tsiang, M.; et al. Quantifying the influence of global warming on
unprecedented extreme climate events. Proc. Natl. Acad. Sci. USA 2017, 114, 4881-4886.

Crausbay, S.D.; Betancourt, J.; Bradford, J.; Cartwright, J.; Dennison, W.C.; Dunham, J.; Enquist,
C.A.F,; Frazier, A.G.; Hall, K.; Littell, J.S.; et al. Unfamiliar territory: Emerging themes for
ecological drought research and management. One Earth 2020, 3, 337-353.

Hasan, A.G.; Fullen, M.A.; Oloke, D. Problems of drought and its management in Yobe State,
Nigeria. Weather. Clim. Extrem. 2019, 23, 100192.

Zhao, T.; Dai, A. The Magnitude and Causes of Global Drought Changes in the Twenty-First
Century under a Low—Moderate Emissions Scenario. Bull. Am. Meteorol. Soc. 2015, 28, 4490—-
4512.

Zhao, T.; Dai, A. Uncertainties in historical changes and future projections of drought. Part II:
Model-simulated historical and future drought changes. Clim. Chang. 2016, 144, 535-548.

https://encyclopedia.pub/entry/12995 6/8



Mediterranean Drought: Regional Exceptional Datasets | Encyclopedia.pub

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Lu, Y.J.; Cai, H.J.; Jiang, T.T.; Sun, S.K.; Wang, Y.B.; Zhao, J.; Yu, K.; Sun, J. Assessment of
global drought propensity and its impacts on agricultural water use in future climate scenarios.
Agric. For. Meteorol. 2019, 278, 107623.

McEvoy, J.; Bathke, D.J.; Burkardt, N.; Cravens, A.E.; Haigh, T.; Hall, K.R.; Hayes, M.J.; Jedd, T.;
Podebradska, M.; Wickham, E. Ecological drought: Accounting for the non-human impacts of
water shortage in the Upper Missouri Headwaters Basin, Montana, USA. Resources 2018, 7, 14.

Lionello, P.; Scarascia, L. The relation between climate change in the Mediterranean region and
global warming. Reg. Environ. Chang. 2018, 18, 1481-1493.

Spinoni, J.; Barbosa, P.; De Jager, A.; McCormick, N.; Naumann, G.; Vogt, J.V.; Magni, D.;
Masante, D.; Mazzeschi, M. A new global database of meteorological drought events from 1951 to
2016. J. Hydrol. Reg. Stud. 2019, 22, 100593.

Vogel, J.; Paton, E.; Aich, V.; Bronstert, A. Increasing compound warm spells and droughts in the
Mediterranean Basin. Weather Clim. Extrem. 2021, 32, 100312.

Malhi, Y.; Girardin, C.; Metcalfe, D.B.; Doughty, C.E.; Aragéo, L.E.O.C.; Rifai, S.W.; Oliveras, |.;
Shenkin, A.; Aguirre-Gutiérrez, J.; Dahlsjo, C.A.L.; et al. The global ecosystems monitoring
network: Monitoring ecosystem productivity and carbon cycling across the tropics. Biol. Conserv.
2021, 253, 108889.

Soares, P.M.M.; Cardoso, R.M.; Lima, D.C.A.; Miranda, P.M.A. Future precipitation in Portugal:
High-resolution projections using WRF model and EURO-CORDEX multi-model ensembles. Clim.
Dyn. 2017, 49, 2503-2530.

Tramblay, Y.; Koutroulis, A.; Samaniego, L.; Vicente-Serrano, S.M.; Volaire, F.; Boone, A.; Page,
M.L.; Llasat, M.C.; Albergel, C.; Burak, S.; et al. Challenges for drought assessment in the
Mediterranean region under future climate scenarios. Earth Sci. Rev. 2020, 210, 103348.

IPCC. Global Warming of 1.5 °C. An IPCC Special Report on the Impacts of Global Warming of
1.5 °C Above Pre-Industrial Levels and Related Global Greenhouse Gas Emission Pathways. In
The Context of Strengthening the Global Response to the Threat of Climate Change, Sustainable
Development, and Efforts to Eradicate Poverty; Masson-Delmotte, P., Zhai, H.O., Pértner, D.,
Roberts, D., Skea, J., Shukla, P.R., Pirani, A., Moufouma-Okia, W., Péan, C., Pidcock, R., et al.,
Eds.; 2018; in press.

Ding, Y.; Mu, C.; Wu, T.; Hu, G.; Zou, D.; Wang, D.; Li, W.; Wu, X. Increasing cryospheric hazards
in a warming climate. Earth Sci. Rev. 2020, 213, 103500.

Lionello, P.; Gacic, M.; Gomis, D.; Garcia-Herrera, R.; Giorgi, F.; Planton, S.; Trigo, R.;
Theocharis, A.; Tsimplis, M.N.; Ulbrich, U.; et al. Program focuses on climate of the Mediterranean
region. Eos Trans. Am. Geophys. Union 2012, 93, 105-106.

https://encyclopedia.pub/entry/12995 7/8



Mediterranean Drought: Regional Exceptional Datasets | Encyclopedia.pub

36.

37.

38.

39.

40.

41.

Michaelides, S.; Karacostas, T.; Sanchez, J.L.; Retalis, A.; Pytharoulis, I.; Homar, V.; Romero, R.;
Zanis, P.; Giannakopoulos, C.; Buhl, J.; et al. Reviews and perspectives of high impact
atmospheric processes in the Mediterranean. Atmos. Res. 2018, 208, 4-44.

Hertig, E.; Tramblay, Y. Regional downscaling of Mediterranean droughts under past and future
climatic conditions. Glob. Planet Chang. 2017, 151, 36-48.

Cook, B.l.; Anchukaitis, K.J.; Touchan, R.; Meko, D.M.; Cook, E.R. Spatiotemporal drought
variability in the Mediterranean over the last 900 years. J. Geophys. Res. Atmos. 2016, 121,
2060-2074.

Vicente-Serrano, S.M. Differences in spatial patterns of drought on different timescales: An
analysis of the Iberian Peninsula. Water Resour. Manag. 2006, 20, 37-60.

Caloiero, T.; Veltri, S.; Frustaci, F. Drought Analysis in Europe and in the Mediterranean Basin
Using the Standardized Precipitation Index. Water 2018, 10, 1043.

Garcia-Herrera, R.; Garrido-Perez, J.M.; Barriopedro, D.; Ordonez, C.; Vicente-Serrano, S.M.;
Nieto, R.; Gimeno, L.; Sori, R.; Yiou, P. The European 2016/17 Drought. J. Clim. 2019, 32, 3169—
3187.

Retrieved from https://encyclopedia.pub/entry/history/show/30553

https://encyclopedia.pub/entry/12995 8/8



