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Abstract

The hydrological cycle, or water cycle, is one of the most important geochemical cycles on our planet. Normal functioning of its mech-
anisms (evaporation/evapotranspiration, condensation, and precipitation) is very important for the well-being of human beings. How-
ever, the acceleration of the hydrological cycle, mainly due to global warming, is increasing the frequency and intensity of extreme
events (floods, droughts, and alterations in water resources) in many regions around the globe. This acceleration or intensification oc-
curs because of rising temperature, which intensifies and speeds up evaporation (probable increase of 5.2%) and precipitation (proba-
ble increase of 6.5%); hence this scenario is escalating climate change. According to the datasets retrieved from the Global Land Data
Assimilation System (GLDAS) of NASA, rain precipitation rate has shown changes in various regions of the wotld. Consequently,
extreme and frequent events of heavy precipitation, floods, and droughts are also deteriorating the quality of water and preventing
recharge of water reservoirs. Although some regions of the world will experience positive outcomes of this scenario in terms of water
availability (due to frequent intense precipitation), most of the world’s regions are expected to face the daunting issue of water unavail-

ability, as predicted by many researchers.
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1. Introduction

Our Earth is covered by 30% solid land and 70% water. Of the total water content on Earth, 97% is saline
water in oceans and seas. The remaining 3% is freshwater, out of which almost 2% is in the form of glaciers
and polar ice caps; and the remaining 1% is above ground (streams, lakes, rivers, etc.). Moreover, the fraction
of fresh water available for human consumption is only 0.01% (Sherani 2020). In Earth’s atmosphere and hy-
drosphere systems, one of the important phenomena is the continuous circulation of water, which is com-
monly referred to as the hydrological cycle. The hydrological cycle, or water cycle, is the sum of all processes
in which water moves from the land and ocean surfaces to the atmosphere and then back toward the Earth’s

surface in the form of precipitation. Thus, the hydrological cycle is Earth’s water recycling system (Graham et

al. 2010).

Generally, in the hydrological cycle, water evaporation from the land and ocean surface is about 496,000 cubic
km annually; residence time in the atmosphere is about 10 days before precipitating as either rain or snow (Eki
2017). Half of the total solar radiation received at Earth’s surface is expended to evaporate water. Further-

more, one-third of the precipitation falling on land runs off into the oceans (Britannica 2020). Direct



groundwater discharge to the oceans accounts for only 0.6% of the total discharge, and only a small propor-
tion of precipitation is stored in rivers and lakes. The remaining precipitation over land (73,000 km3/y)returns
to the atmosphere by evaporation (Britannica 2020). Various studies have revealed that the evaporation pro-
cess by which water changes from a liquid to a gas from seas, oceans, and other water bodies like rivers, lakes,
and streams provides nearly 90% of the moisture in our atmosphere. In addition, the remaining 10% in the
atmosphere is released by plants through transpiration. A very small proportion of water vapor enters the at-
mosphere via the process of sublimation (in which water changes directly from solid snow or ice into a gas)

(Graham et al. 2010).

Another process in the water cycle is known as condensation, in which water vapor is transformed into the
liquid state (Graham et al. 2010). Water vapor is the primary form of atmospheric moisture in the troposphere
at altitudes of 10-13 km. Furthermore, water vapor is very important as a supply of moisture for frost, fog,
dew, clouds, and precipitation (Li et al. 2020). Condensation is rapid when air contains more water vapor than
it receives from evaporation at the prevailing temperature. This condition occurs due to two phenomena: ei-
ther cooling or the mixing of air masses of different temperatures. As the condensation process completes, the
water vapor in the atmosphere is released in the form of precipitation (the last phase of the water cycle) (Bri-
tannica 2020). Through a review of relevant literature, this paper focuses on highlighting the acceleration or
intensification of the hydrological cycle around the globe, along with describing its overall potential impact on

water availability.

2. Methodology

This study encompasses analysis based on a literature review regarding the topic of hydrological cycle accelera-
tion and water availability over land. Various research papers were searched and reviewed, from research data-
bases like PubMed, Research, Web of Science, JSTOR, ScienceDirect, ResearchGate, etc. Data were also ob-

tained from US-EPA sites. The topic was examined with the help of vatious studies that have been conducted

in various regions around the globe.

For the satellite remote sensing analysis in this study, raster data (in NetCDF format) of rain precipitation rate
were obtained from the Global Land Data Assimilation System (GLDAS) of the National Aeronautics and
Space Administration (NASA). The specific dataset was GLDAS Land Surface Model L4 Monthly 1.0 x 1.0
degree V2.1 (Rodell et al. 2004; Beaudoing, Rodell 2020). Subsequently, ArcGIS 10.8 software was used to
make maps (depicting 6 continents) of 6 different months (January and July of 2000, 2010, and 2020; see Fig.
4). Shapefiles were retrieved from the online database; thus, the coordinate system is not represented in the
maps. The midrange formula, derived from the study of Can and Ozsoy (2023), was calculated via spreadsheet

from the aforementioned rainfall rate data to analyze the data:
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3. Results

3.1. Acceleration of the hydrological cycle

The earth’s climate has not remained constant. Instead, it has been evolving over millennia. Isotopic studies of
ice cores show that there has been a variety of variations and responses induced by different components of
the earth system (Farooqi et al. 2005). Moreover, rapid variations in Farth’s climate have also occurred due to
anthropogenic activities. For instance, since the Industrial Era (beginning in 1750), the concentrations and
emissions of greenhouse gases (GHGs) have been increased. This dynamic has strongly affected climatic pro-

cesses and caused prominent changes in Farth’s climate (Allen, Ingram 2002; Ciais et al. 2013).

Consequently, the global hydrological cycle is accelerating and intensifying due to global warming and climate
change; resulting in increased evaporation, evapotranspiration, water vapor content, and precipitation (Hun-
tington 2005). In addition, human activities are also contributing to the acceleration of the hydrological cycle
by increasing loads of sulfate, mineral dust, and black carbon aerosols in the atmosphere that have the poten-
tial to affect the hydrological cycle in two ways; one is through the suppression of rainfall in polluted areas,
and the other is through reducing the solar irradiance reaching the Earth’s surface (Wild et al. 2004). The
mechanisms of both these effects originate primarily when aerosols increase the concentrations of cloud con-
densation nuclei, reduce the mean size of cloud droplets, and finally result in less efficient coalescence into
raindrops (Ramanathan et al. 2001). Secondly, these aerosols reduce the surface solar irradiance, thus reducing

surface evaporation and precipitation (Huntington 2005).

Hydrological cycle acceleration increases the frequency and intensity of extreme events, such as heavy rainfall,
major storms, ocean salinity, and droughts, and ultimately increases the rate of soil erosion (Loaciga et al.
1996; Held, Soden 2000; Chagas et al. 2022). Several impacts on agticulture (heat stress, diseases, nutrient cy-
cling, and insects) are related to high evaporation rates from soil and plants (Huntington 2005). A very dy-
namic aspect of hydrological cycle acceleration is the more frequent occurrence of extreme events, an alarm-
ing threat to human populations. These drastic events affect human welfare directly through catastrophic
damage and indirectly through adverse effects on overall crop productivity (Arnell et al. 2001; Manabe et al.
2004).

3.1.1. Acceleration of evaporation
As mentioned above, the major process in the water cycle is the process of evaporation. In this phase, water in
the liquid state is transformed into vapor or gas (Graham et al. 2010). The transformation occurs when some

molecules in a water mass have attained sufficient kinetic energy to eject themselves from the water’s surface.



There is a multitude of factors that affect the evaporation rate in the water cycle; they include humidity, tem-
perature, wind speed, and, most importantly, solar radiation (Britannica 2020). Simulations based on one of
about 20 coupled models (ocean—atmosphere—land models) estimated that global mean evaporation will expe-
rience an increase of about 5.2% by 2050, which is a clear sign of the acceleration of the water cycle (Wether-
ald, Manabe 2002). Figure 1 represents the changes in meteorological parameters that have occurred in the

past few decades around the globe.

® Flrst 20 years

| R 16 ® Last 20 years
JE I
2 12 4
10 -
8 4
2 64
'E|
2000-2006 2007-2013 2014-2020 Z21
0 - - —— = o T i

# Land-Ocean: Global Means o). Earth «T).land  e(T).sea e(Td), Earth (Td).land e(Td),sea
® Land-Ocean: Northern Hemispheric Means

d Land-Ocean: Southern Hemispheric Means

74 38 4
6 ® First 30 years 30 -
u Last 30 years

54 28 -
4 - 20 -

= First 30 years
31 18 4

u Last 30 years
2 10 -
1- s 4
0 +— = I s NN 0 - 3 5 ;

q850,Earth  q8%0,land  q850.sea  q300,Earth q300.land  q300,.sea W, Earth W, land W, sea

Fig. 1. (a) Global and Hemispheric Monthly Means and Zonal Annual Means based on Land-Ocean Temperature Index
or L-OTT (Data source: Lenssen et al. 2019; GISTEMP Team 2023); (b) Water vapor pressures e(T) and e(Td) (Data
source: Koutsoyiannis 2020); (c) Specific humidity at 850 hPa and 300 hPa (Data source: Koutsoyiannis 2020); (d) Water

vapor amount (Data source: Koutsoyiannis 2020).

3.1.2. Acceleration of precipitation

With the help of precipitation, some amount of water is returned to the atmosphere by evaporation, some is
evaporated from the plants by transpiration, some percolates into the soil or ground via infiltration (which
may later percolate into streams as groundwater runoff), and the remaining proportion flows directly as sur-
face runoff into the sea (Graham et al. 2010). However, disturbances of all these phenomena related to precip-

itation are occurring due to the intensification of the water cycle. In this regard, recent modeling studies



suggest that due to increased humidity, precipitation would increase by about 3.4% per degree Kelvin. That

amount is less than is suggested by the Clausius—Clapyeron relation model that indicates precipitation would

increase by about 6.5% because evaporation would be energy-limited as the evapotranspiration rate increases

with the rising temperature (Huntington 2005). For instance, Figure 2 shows the precipitation trend (by US-

EPA) in the contiguous 48 states of the USA from 1960 to 2020, revealing that these states have been experi-

encing precipitation increase and hydrological cycle acceleration throughout these years. Moreover, based on

climatic changes, changes in the precipitation over small islands have also been estimated (Fig. 3).
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Fig. 2. Precipitation in the contiguous 48 States of USA (1960-2020). Data source: USA-EPA (2021b).
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Fig. 3. Projected change in precipitation on small islands (%). Data source: Bates et al. (2008).

Based on the midrange calculation, rainfall rates were 43.096 kg m2 s in January 2000, increasing to 43.902

kg m2 s in January 2010 (hence representing the changes in the hydrological cycle). The opposite trend was
shown for July; midrange values were 42.724 kg m2 s-! (2000), 42.543 kg m-2 5! (2010), and 42.05 kg m2 s-!



(2020). These patterns demonstrate that the hydrological cycle has been experiencing changes throughout the
world, with either less rainfall and more evaporation or more rainfall and less evaporation. In 2020 (during
January), in contrast to 2000 and 2010, the high rainfall rates in areas of Asia near India expanded. Moreover,

as compared to 2000 and 2010, the South American region receiving a high rainfall rate expanded in July 2020.
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Fig. 4. Maps of rain precipitation (kg m=? s1) depicting 6 continents, created in ArcGIS 10.8.

3.2. Evidence from some studies related to acceleration of the hydrological cycle
Following is a brief overview of some studies that can be attributed as evidence of hydrological cycle accelera-
tion. These three studies represent examples of hydrological cycle intensification from three different conti-

nents of the world (Asia, North Ametica, and South Ametrica).



CHINA

A study indicated an upsurge in precipitation in the regions of Xinjiang, in northwestern China, during 1986-
2003. This increasing precipitation was associated with significant warming that occurred during this period,
which revealed that the hydrological cycle in Xinjiang region had accelerated. Moreover, it was also found that
a significant correlation was present between precipitation and altitude in parts of Xinxiang (including Altay,
Tacheng, Tianshan southern slope, Kunlun northern slope, 1li, etc.). At higher altitude stations, there was

abundant precipitation (Feng, Wu 2016).

USA

A study in Illinois (midwestern USA) evaluated the acceleration of the terrestrial hydrological cycle over 31
years (1983-2013). The variables that were observed in the study were precipitation, temperature, stream flow,
soil moisture, evaporation, and groundwater level. The results showed increasing trends of 8.73 to 9.05
mm/year in precipitation, 6.87 to 7.47 mm/year in evaporation, and 1.57 to 3.54 mm/year in stream flow.
Plus, these increasing trends wete concurrent with the increasing temperature trend of 0.029 to 0.037°C/yeat.
Consequently, this study provided evidence for the amplification or acceleration of the hydrological cycle as a
response to warming in the midwestern USA. Based on the results of this study, Figure 5 depicts the precipita-
tion, evaporation, stream flow, and mean temperature in Illinois (USA) in 1983-2013 and 1992-2013, which
portrays an increase in the variables of precipitation, evaporation, and stream flow along with the rise in tem-

perate. Thus, it represents the intensification of the water cycle (Yeh, Wu 2018).
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Fig. 5. Yeatrly trends in precipitation, evaporation, and stream flow (left) and mean temperature (right) in Illinois, USA.

Data source: Yeh, Wu (2018).




BRAZIL

A study incorporated data from 886 hydrometric stations to examine the acceleration of the hydrological cycle
in Brazil from 1980 to 2015. Annual time series of minimum 7-day, mean daily, and maximum daily stream-
flow were computed to characterize drought flows, water availability, and flood flows, respectively. The rela-
tionships of streamflow changes to their climatic and non-climatic drivers were analyzed by panel regressions.
The results represented the acceleration of the hydrological cycle over Southern Amazonia. Specifically in
southwestern Amazonia, prolongation of the dry season was found to be connected to a northward shift of
the Inter Tropical Conversion Zone (ITCZ), which resulted in increased temperature and evaporation. More-
ovet, increases in heavy precipitation and floods were found to be linked to the intensification of Walker cir-
culation air masses. Overall, it was found that the acceleration (in terms of more intense and frequent floods

and droughts) occurred in over 29% of the Brazilian region and was connected to heavier rainfall (Chagas et

al. 2022).

3.3. Effect of acceleration of the hydrological cycle on water availability

As mentioned previously, global warming is associated with acceleration and alteration of the hydrological cy-
cle. This acceleration has the potential to affect and change the availability of water resources (Bates et al.
2008). Any abnormal changes or alterations in Earth’s climate result in adverse impacts on human beings
(Thomas et al. 2014). As the normal water cycle is disturbed due to global warming and climate change, the
surface temperature is increased, and the evaporation rate is disturbed (IPCC 2001; NAST 2001). Increased
evaporation rates are expected to reduce water supplies in many regions of the globe. Global water resources
are highly sensitive to temperatures, not only through the obvious effects of evaporation, but also because of
the effects on rainfall distribution, convection, and wind patterns (IPCC 2008). Variations in evaporation and
precipitation patterns due to extreme climate change will elevate water usage to meet human needs, thus fun-
damentally changing the availability, quality, and timing of water across the globe. Disturbance in the normal
water cycle due to climate change results in disturbance in water availability (by reducing supplies of ground-
water and surface water), increasing water demand (due to higher temperatures), degrading water quality (in-
creasing runoff resulting in erosion and sedimentation) and overwhelmed water infrastructure (due to flood-
ing). Precipitation is expected to occur more frequently through high-intensity rainfall events, causing in-

creased runoff and erosion (Huntington 2005).

However, the acceleration of the water cycle is not only negative. Instead, it can affect water availability over
land in two different ways; either increasing water availability (decreased water stress), or it can decrease water
availability (increased water stress). According to SRES (Special Report Emissions Scenarios by IPCC) scenar-
ios (A2 and B2) along with two climate models, water stress will decrease over 20-29% of global land by the
2050s (Bates et al. 2008). In contrast, water stress is projected to increase over 62-76% of global land over the

same period. The increase in water availability in a few regions is associated with the upsurge in the frequency



and intensity of precipitation. On the other hand, the projected decrease in water availability in most regions

of the world is associated with increasing water withdrawals (Bates et al. 2008).

3.3.1. Increase in water availability due to acceleration of the hydrological cycle

As mentioned previously, hydrological changes (including acceleration of the hydrological cycle) can have pos-
itive impacts in terms of water availability. For instance, intensification of precipitation leads to an upsurge in
annual runoff, which further increases renewable water resources (if the water is captured and stored in the
waterbodies) (Magrin et al. 2005). In regions of the world with adequate infrastructure, this stored water can
be beneficial for irrigation. Southern South America is an example, where the flooded area has increased, and
crop yields have improved in the Pampas region of Argentina. The increase in flooded land has also provided

new opportunities for fishing in the area (Magrin et al. 2005).

3.3.2. Decrease in water availability due to acceleration of the hydrological cycle

Opverall, the climate-related projections indicate that the more prevalent impact of intensification of the water
cycle will be adverse in the context of decreasing water availability (Bates et al. 2008). For instance, a study
conducted in the Llobregat River Basin in Catalonia, northeastern Spain, evaluated the relationships between
climate change scenarios and impacts on water availability in the region. Climate change scenarios and hydro-
logical modeling were combined to estimate water availability in the future. AEMET (The Agencia Estatal de
Meteorologia) and SMC (The Meteorological Service of Catalonia), the Spanish weather agencies, provided
the data for climate projections. The results based on AEMET climate scenarios indicated that there would be
a decrease of 10% in the annual volume of water available in the future. The results obtained based on SMC
scenarios were even more daunting because they revealed the possibility of a 40% decrease in the annual vol-
ume of water available in the future due to climate changes (Versini et al. 2016). Figure 6 depicts those factors

of the hydrological cycle’s acceleration that adversely influence water availability over land.
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3.3.3. Frequent floods

The acceleration of the water cycle has the potential to increase floods. In the 215t century, it is projected that
the events of heavy precipitation or intense rainfalls will become more frequent in most of the regions around
the globe. This dynamic will eventually result in frequent events of flash flooding (Bates et al. 2008). Moreo-
ver, the results of a study based on multi-model analysis projected an upsurge in the risk of very wet winters in
central and northern Europe. The reason for this is the intensification of precipitation. For example, it is pro-
jected that boreal winter precipitation is prone to increase about five- to seven-fold with likely winter flood
hazards. It is also projected that the wet monsoon season will be prolonged and more intense in Asian regions
(Palmer, Riisdnen 2002). For instance, according to climate models, along with a 2°C rise in global tempera-
ture, the flooded area of Bangladesh will increase by 23-29% (Mirza 2003). It is also projected that a tradition-
ally 100-year flood will return more frequently (every 2-5 years) (Zhang et al. 2003). These scenarios of fre-
quent flash floods are mainly negative for those regions of the world that lack the proper infrastructure for
water storage. Therefore, such regions are expected to face declining water availability despite expetiencing
frequent precipitation. Intense floods and runoff often do not fill or recharge water reservoirs, and ultimately
the discharge mixes with oceanic water, making it unavailable for use — another negative influence on water
availability (Bates et al. 2008). It is estimated that 913 floods have occurred in the world just in the span of

2000-2018, and about 300 million people have been affected by 21st-century floods (Cavallito 2021).

Furthermore, it is crucial to understand flood frequency analysis, because flood frequency indicates the proba-
bility of floods occurring at a regional scale in both gauged and ungauged catchments. Flood frequency analy-

sis also helps to assess the risks associated with floods, and to plan appropriate flood mitigation measures. For
instance, some studies have used statistical methods for the estimation of flood frequency based on historical

data (Acharya, Joshi 2020; Samantaray, Sahoo 2020). These studies provide a clear understanding of flood dy-
namics in diverse geographical regions. Hence, they provide clarity regarding the intensity and variability of

flood incidences from small to larger scales.

Figure 7 represents the statistics given by the US-EPA about the one-day extreme/heavy precipitation events
in the contiguous 48 states of the USA from 1960 to 2020. First of all this index shows that 2000-2010 and
2010-2020 decades had prominent difference in terms of precipitation. Secondly, it represents that 2015 was

the year when the precipitation in USA was maximum as compared to the rest of the included years.

From the analysis of the flood events from 1973 to 2002, it was found that the proportion of floods among all
disasters was 33%. During this time frame, most of the floods (40%) occurred in Asian countries. Moreover,

within Asia, most of the flood events occurred in South Asia (Fig. 8) (Dutta, Herath 2004).


https://www.researchgate.net/profile/Srikantha-Herath

0,25

02
0,15 -
—o— Index value

0,1
0,05

0

O D & & * & Q0 @ O O DA D> O LA 9 OO

P P T L FE PP I FIIFPSNIN @

D AT AT AT AT AT AR AR AT AR AT AT DT AT AT DT DT AT DT DT AP
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Fig. 8. (a) Flood percentages in the world. (b) Flood percentages in different regions of Asia, Data source: Dutta, Herath
(2004).

3.3.4. Disturbance of water quality

Increases in precipitation intensity are expected to cause many forms of water pollution. These include the
amplification of nutrients, sediments, salt, dissolved organic carbon, pesticides, pathogens, and thermal pollu-
tion. There will be concomitant increases in algal blooms and fungal content in water (Bates et al. 2008). The
increased precipitation has the potential to elevate turbidity levels in surface-water sources. For example,
heavy precipitation events raised turbidity levels up to a factor of 100 in some of the main reservoirs of New
York City, compromising the city’s water resources (Miller, Yates 20006). The quality of water is also degraded

by flood water because the flowing flood water (having sediments and contaminants) gets mixed with the
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clean water of existing reservoirs. Additionally, with increased evapotranspiration, shallow groundwater is
prone to salinization in semi-arid and arid areas. Plus, due to decreasing streamflow in semi-arid areas, there is
a strong probability of increases in the salinity of rivers and estuaries. For instance, in the headwaters of Aus-
tralia’s Murray-Darling Basin, salinity levels are projected to rise by 13-19% by 2050 (Pittock 2003). Increasing
salinity will be accompanied by increasing concentrations of pollutants, such as those mentioned previously,
making the water unsuitable for human uses, ultimately decreasing the availability of clean and safe water (Fig.

9) (Bates et al. 2008).
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Fig. 9. Flow chart depicting the process of water contamination.

3.3.5. Extensive droughts

On one hand, intense evaporation causes heavy precipitation and floods in some regions of the world. On the
other hand, this rapid evaporation makes some regions dry and causes prolonged droughts (Bates et al. 2008).
Based on a single-model study of the frequency of drought around the globe, it is projected through various
models that the frequency and duration of droughts will increase in the coming decades in many regions of
the wotld. In this regard, the SRES A2 scenario has projected that by the decade of 2090, there will be an in-
crease of 10-30-fold in land experiencing extreme drought, and a 2-fold increase in global drought frequency
and mean duration of drought (Butke et al. 2000). It is also projected that by the 2070s, a 100-year drought
under today’s conditions will return more frequently (10 years) in various countries, including France, Spain,
Portugal, Poland, and Turkey (Lehner et al. 2005). These statistics make it clear that areas that are already fac-

ing or will face prolonged drought conditions will ultimately face the issue of lacking available water (Bates et



al. 2008). Figure 10 represents the statistical analysis by the US-EPA of drought in the contiguous 48 states of
the USA from 1960 to 2020.

Prominent floods have been occurring in Central Europe, South Asia, Fast Asia, Africa, Oceania and South
America (You et al. 2016; Ansah et al. 2020; Chhetri et al. 2020; Mu et al. 2020; Nanditha et al. 2023). Mean-
while, extensive droughts have been taking place in various regions around the wortld, including Central Asia,
South Asia, North America, Oceania, South America, and Africa (Schwalm et al. 2012; Nicholson 2014; Yuan
et al. 2018; Garreaud et al. 2020; Tan et al. 2022). Moreover, water contamination, including reduction of dis-
solved oxygen(DO), rise in temperature, and increase in phosphorus, pathogen contamination, etc., exacet-
bates water scarcity in the water resources of various regions of the world (Li et al. 2015; Carpenter et al. 2018;
Shih et al. 2021; Zhu et al. 2021). The impacts of hydrological cycle acceleration on water availability have
been observed and analyzed by many researchers around the world; instances of which are mentioned in Ta-

ble 1.
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Fig. 10. Average Drought Conditions in the Contiguous 48 States of USA (1960-2020). Data source: US-EPA (2021c).



Table 1. Instances of impacts of hydrological cycle acceleration.

Time I

Region

Published sources

Flood events (caused by heavy rainfall)

2000

South Africa

Dyson, Heerden (2001)

2002

Central Europe (including Austria,
Germany and the Czech Republic)

Ulbrich et al. (2003)

2005

Mumbai, Chennai and Bangalore
(India)

Guhathakurta et al. (2011)

2002, 2004 and 2007

South Wales, Boscastle and
Tewkesbury, respectively (Britain)

Gavin et al. (2011)

2010-2013 Australia Butler et al. (2015)
2010-2014 Pakistan Rehman et al. (2015)
2014 South Korea You et al. (2016)
2016 Hue (Vietnam) Mu et al. (2020)
2016 and 2017 Nepal Chhetri et al. (2020)
2015 and 2018 Ghana Ansah et al. (2020)

2018 Ordu province (Turkey) Kocaman et al. (2020)

2020 Palermo (Italy) Francipane et al. (2021)

2021 Brazil Marengo et al. (2023)

2021 Germany Fekete, Sandholz (2021)

2022 Pakistan Igbal et al. (2022); Nanditha et al. (2023)
Drought events

1999-2003 Central Asia, Pakistan and China Zhang, Zhou (2015); Barlow et al. (2016)
2000-2002 Balkans, Greece and Cyprus Pashiardis (2008)

2003 Various European regions Rebetez et al. (20006)

2000-2004 Western U.S. and Canada gg 10 ghouse etal. 2010); Schwalm etal.
2002-2006 Congo river basin and Tropical Africa | Zhou et al. (2014)

2004-2010 Southwestern China Yang et al. (2012)

2006-2007 USA and Canada Basara et al. (2013)

2006-2010 Southern Australia Van Dijk et al. (2013)

2008-2010 Argentina and Chile Miiller et al. (2014)

2008-2010 Horn of Africa (or Somali Peninsula) Masih et al. (2014); Nicholson (2014)
2008-2010 Middle-East, India and Central Asia Neena et al. (2011); Cook et al. (20106)
2013-2016 East Australia Spinoni et al. (2019)

2015-2016 South Africa Yuan et al. (2018)

2015-2016 Amazonia ](;rélle%ez—Munoz et al. (2016); Erfanian et al.
2010-2018 Chile Garreaud et al. (2020)

2011-2019 Brazil Cunha et al. (2019)

2020 Southeastern China Tan et al. (2022)

Water contamination (due to heavy precipitation)

Production of high dissolved oxygen
(DO) with low phytoplankton con-
centration (in 2011) and rise in tem-

water

. China Lietal. (2015)
perature and formation of cyano-
bacterial blooms (in 2013) in Shib-
ianyu Reservoir
Increase in phosphorus in agricul- .
tural watersheds Upper Midwestern USA Carpenter et al. (2018)
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Increase in E.co/i level in drinking Rural Kenya Powers et al. (2023)




3.3.6. Disturbances in groundwater reservoirs

Groundwater is almost 30% of global freshwater, which means that it has a large share of the water usable for
human beings. Moreover, the most accessible groundwater is found within 1 km of the surface of the Earth.
Groundwater availability and quality decrease below this depth due to high concentrations of minerals (Brands
et al. 2016). A very valuable attribute of groundwater aquifers is that they can store water without evaporation
losses and in stable condition. Moreover, as water percolates through the ground and soil, the groundwater
becomes de-contaminated (Turral et al. 2011). Almost 24% of the world’s groundwater aquifers are already
over-exploited, indicating that any further disturbance in groundwater zones will significantly decrease fresh

water’s availability (Gleeson et al. 2012).

Disturbance and acceleration in the hydrological cycle have adverse impacts on the depth of the groundwater
table and recharge rates (Fig. 11). Because many groundwater reservoirs are recharged from precipitation and
surface water flow, any change in these processes eventually affects groundwater (Bates et al. 2008). One of
the main reasons for the adverse impact on the amount of groundwater is that rainfall has become more
flashy (intense) and less predictable in many areas of the world (Brands et al. 2016). Therefore, according to
the aforementioned phenomenon of precipitation increase resulting from acceleration of the water cycle, the
upsurge in the intensification of rainfall affects the infiltration capacity of the soil, which eventually decreases
the groundwater recharge (Bates et al. 2008). However, this is mostly happening in humid areas. In arid and
semi-arid regions of the wortld, on the other hand, more intense rainfall causes fast infiltration and percolation
through the ground before evaporating. Plus, alluvial aquifers are mostly recharged by the overflows of floods.
Overall, it can be observed that the acceleration of the water cycle that affects groundwater reservoirs in any
form ultimately disturbs the very important resources of fresh water present on Earth. Hence, any influence

on groundwater influences overall water availability (Bates et al. 2008).

* Moderateutilization of groundwater

East Asia & Pacific
* Moderate vulnerability

* Low utilization of groundwater

Europe & Central Asia
P * Low vulnerability

Latin America & * Moderateutilization of groundwater
Caribbean | *» Moderate vulnerability
MiddleEast & North » High utilization of groundwater
Africa |+ Moderate vulnerability
= * Moderateutilization of groundwater
South Asia i 7 =
* High vulnerability
* Moderate utilization of groundwater
Africa g

* High vulnerability

Fig. 11. Groundwater vulnerability to climate change. Data source: Turral et al. (2011).



4. Discussion and conclusion

Human beings are witnessing a lot of climatic changes around the globe, and intensification or acceleration of
the hydrological cycle is one of these changes. It is a fact that global warming (parallel to global average tem-
perature) has been escalating, which in turn increases evaporation and precipitation rates, leading to accelera-
tion of the hydrological cycle. The Clausius—Clapyeron relation suggests that as the temperature increases, the
specific humidity should also increase. As the source of the circulation of water from the hydrosphere to the
atmosphere and vice versa, it is obvious that any alteration in the hydrological cycle will ultimately influence

the water availability over land.

Intense precipitation, rapid evaporation, frequent floods, extensive droughts, and water contamination are
some of the prominent outcomes of this accelerating cycle. Even though acceleration of the water cycle is as-
sociated with an increase in the amount of available water (mainly by frequent precipitation) in many regions
of the world, the risk of water unavailability from acceleration remains an adverse result in other regions.
Moreover, the impacts of hydrological cycle intensification extend beyond the direct or immediate concerns of
water availability. The alterations in the precipitation patterns have disturbed water quality; ultimately affecting
agricultural productivity, ecosystems’ well-being, and human health. For example, increased runoff due to

heavy precipitation or frequent floods carries pollutants into water bodies.

In a nutshell, human beings need to mitigate and adapt to the root cause of the intensification of this cycle
(i.e., global warming) to protect themselves from the associated adversities. Adapting to the abovementioned
issues needs interdisciplinary approaches that involve multiple domains (such as hydrology, ecology, climatol-
ogy, and socio-economic factors). Helpful strategies in this regard include enhancement of infrastructure resil-
ience, implementation of water-saving technologies, and promotion of sustainable land use planning. Interna-
tional cooperation is also crucial in this context. The vulnerable developing and under-developed countries
that are facing issues related to the water cycle and climate changes, must be supported by the developed na-

tions.

References

Acharya B., Joshi B., 2020, Flood frequency analysis for an ungauged Himalayan river basin using different methods: a case study of
Modi Khola, Parbat, Nepal, Meteorology Hydrology and Water Management, 8 (2), 46-51, DOI: 10.26491/mhwm/131092.

Allen M.R., Ingram W J., 2002, Constraints on future changes in climate and the hydrologic cycle, Nature, 418, 224-232, DOI:
10.1038/nature01092.

Ansah S.0., Ahiataku M.A., Yorke C.K., Otu-Larbi F., Bashiru Yahaya P.N.L., Lamptey M., 2020, Meteorological analysis of floods in
Ghana, Advances in Meteorology, DOI: 10.1155/2020/4230627.

Arnell N.W., Liu C., Compagnucci R., da Cunha L., Hanaki K., Howe C., Mailu G., Shiklomanov 1., Stakhiv E., 2001, Hydrology and
water resources, [in:] IPCC Climate Change 2001: Impacts, Adaptation and Vulnerability, The Third Assessment Report of Work-
ing Group II of the Intergovernmental Panel on Climate Change, J.J. McCarthy, O.F. Canziani, N.A. Leary, D.J. Dokken, K.S.
White (eds.), Cambridge University Press, Cambridge, UK, 133-191.



Barlow M., Zaitchik B., Paz S., Black E., Evans J., Hoell A., 2016, A review of drought in the Middle East and southwest Asia, Journal
of Climate, 29 (23), 8547-8574, DOI: 10.1175/JCLI-D-13-00692.1.

Basara ].B., Maybourn J.N., Peirano C.M., Tate J.E., Brown P.J., Hoey ].D., Smith B.R., 2013, Drought and associated impacts in the
Great Plains of the United States — a review, International Journal of Geosciences, 4 (6B), 72-81, DOI: 10.4236/1jg.2013.46A2009.

Bates B.C., Kundzewicz Z.W., Wu S., Palutikof J.P. (eds.), 2008, Climate Change and Water. Technical Paper of the Intergovernmental
Panel on Climate Change, IPCC Secretariat, Geneva, 210 pp.

Beaudoing H., Rodell M., 2020, GLDAS Noah Land Surface Model I4 monthly 1.0 x 1.0 degree V2.1, Greenbelt, Maryland, USA,
Goddard Eatth Sciences Data and Information Setvices Center (GES DISC).

Brands E., Rajagopal R., Eleswarapu U., Li P., 2016, Groundwater, International Encyclopedia of Geography, 3237-3253.

Britannica T., 2020, Water cycle, Encyclopedia Britannica, available online at https://www.britannica.com/science/water-cycle (data
access 24.05.2024).

Burke E.J., Brown S.J., Christidis N., 2006, Modelling the recent evolution of global drought and projections for the 215t century with
the Hadley Centre climate model, Journal of Hydrometeorology, 7, 1113-1125, DOI: 10.1175/JHM544.1.

Butler LR., Sommer B., Zann M., Zhao ] X., Pandolfi ].M., 2015, The cumulative impacts of repeated heavy rainfall, flooding and al-
tered water quality on the high-latitude coral reefs of Hervey Bay, Queensland, Australia, Marine Pollution Bulletin, 96 (1-2), 356-
367, DOI: 10.1016/j.marpolbul.2015.04.047.

Can A., Ozsoy H., 2023, A different perspective on air pollution measurements, Journal of Polytechnic, 26 (1), 329-344, DOI:
10.2339/politeknik.1126580.

Carpenter S.R., Booth E.G., Kucharik CJ., 2018, Extreme precipitation and phosphorous loads from two agricultural watersheds,
Limnology and Oceanography, 63 (3), 1221-1233, DOI: 10.1002/1n0.10767.

Cavallito M., 2021, 21st century floods have already affected nearly 300 million people, Re Soil Foundation, available online at
https://resoilfoundation.org/en/environment/world-flood-study/ (data access 20.05.2024).

Chagas V.B.P., Chaffe P.L.B., Bloschl G., 2022, Climate and land management accelerate the Brazilian water cycle, Nature Communi-
cations, 13, DOIL: 10.1038/s41467-022-32580-x.

Chbhetri T.B., Dhital Y.P., Tandong Y., Devkota L.P., Dawadi B., 2020, Observations of heavy rainfall and extreme flood events over
Banke-Bardiya districts of Nepal in 2016-2017, Progtess in Disaster Science, 6, DOI: 10.1016/j.pdisas.2020.100074.

Ciais P., Sabine C., Bala G., Bopp L., Brovkin V., Canadell J., Chhabra A., DeFries R., Galloway J., Heimann M., Jones C., Le Quéré
C., Myneni R.B,, Piao S., Thornton P., 2013, Carbon and other biogeochemical cycles, [in:] Climate Change 2013: The Physical
Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change, T.F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, P.M. Midgley (eds.),
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA.

Cook B.I., Anchukaitis K.J., Touchan R., Meko D.M., Cook E.R., 2016, Spatiotemporal drought variability in the Mediterranean over
the last 900 years, Journal of Geophysical Research: Atmosphere, 121 (5), 2060-2074, DOI: 10.1002/2015]D023929.

Cunha A.P.M.A., Zeri M., Leal K.D., Costa L., Cuartas L..A., Marengo J.A., Tomasella J., Vieira RM., Barbosa A.A., Cunningham C.,
Garcia J.V.C,, Broedel E., Alvala R., Ribeiro-Neto G., 2019, Extreme drought events over Brazil from 2011 to 2019, Atmosphere,
10 (11), DOI: 10.3390/atmos10110642.

DelGenio A.D., Lacis A.A., Ruedy R.A., 1991, Simulations of the effect of a warmer climate on atmospheric humidity, Nature, 351,
382-385, DOI: 10.1038/35138220.

Dutta D., Herath S., 2004, Trend of floods in Asia and flood risk management with integrated river basin approach.

Dyson L.L., Heerden J.V., 2001, The heavy rainfall and floods over the northeastern interior of South Africa during February 2000,
South Affican Joutnal of Science, 97 (3), 80-86, DOL: 10520/EJC97295.

Eki R., 2017, Ecology, stormwater management and environmental security in urban centers of developing countries, [in:] Interna-

tional Youth Peace Conference, Nigeria, 9-11th October 2017, Godfrey Okoye University: Ugwuomu.


https://www.britannica.com/science/water-cycle
https://resoilfoundation.org/en/environment/world-flood-study/

Erfanian A., Wang G., Fomenko L., 2017, Unprecedented drought over tropical South America in 2016: significantly under-predicted
by tropical SST, Scientific Repotts, 7 (1), DOI: 10.1038/541598-017-05373-2.

Farooqi A.B., Khan A.H., Mir H., 2005, Climate change perspective in Pakistan, Pakistan Journal of Meteorology, 2 (3), 11-21.

Fekete A., Sandholz S., 2021, Here comes the flood, but not failure? Lessons to learn after the heavy rain and pluvial floods in Ger-
many, 2021, Water, 13 (21), DOI: 10.3390/w13213016.

Feng G-L, Wu Y-P., 2016, Signal of acceleration and physical mechanism of water cycle in Xinjiang, China, PL.oS ONE, 11 (12), DOI:
10.1371/journal.pone.0167387.

Francipane A., Pumo D., Sinagra M., La Loggia G., Noto L.V, 2021, A paradigm of extreme rainfall pluvial floods in complex urban
areas: the flood event of 15 July 2020 in Palermo (Italy), Natural Hazards and Earth System Sciences, 21 (8), 2563-2580, DOI:
10.5194/nhess-21-2563-2021, 2021.

Garreaud R.D., Boisier J.P., Rondanelli R., Montecinos A., Sepulveda H.H., Veloso-Aguila D., 2020, The central Chile mega drought
(2010-2018): a climate dynamics perspective, International Journal of Climatology, 40 (1), 421-439, DOI: 10.1002/joc.6219.

Gavin N.T., Leonard-Milson L., Montgomery J., 2011, Climate change, flooding and media in Britain, Public Understanding of Sci-
ence, 20 (3), 422-438, DOI: 10.1177/0963662509353377.

GISTEMP Team, 2023, GISS Surface Temperature Analysis (GISTEMP), version 4. NASA Goddard Institute for Space Studies. Da-
taset accessed 20t February, 2022.

Gleeson T., Wada Y., Bietkens M.F., Van Beek L.P., 2012, Water balance of global aquifers revealed by groundwater footprint, Nature,
488 (7410), 197-200, DOTI: 10.1038 /nature11295.

Graham S., Parkinson S., Chahine M., 2010, The Water Cycle, available online at https://earthobservatory.nasa.gov/features /Wa-
ter/page3.php (data access 27.05.2024).

Gubhathakurta P., Sreejith O.P., Menon P.A., 2011, Impact of climate change on extreme rainfall events and flood risk in India, Journal
of Earth System Science, 120, 359-373, DOI: 10.1007/s12040-011-0082-5.

Held I.M., Soden B.]J., 2000, Water vapor feedback and global warming, Annual Review of Environment and Resources, 25, 441-475,
DOI: 10.1146/annurev.energy.25.1.441.

Huntington T.G., 2005, Evidence for intensification of the global water cycle: review and synthesis, Journal of Hydrology, 319 (1-4),
83-95, DOTI: 10.1016/jjhydrol.2005.07.003.

Igbal M., Rabbani A., Haq F., Bhimani S., 2022, The floods of 2022: economic and health crisis hits Pakistan, Annals of Medicine and
Sutgety, 84, DOI: 10.1016/j.amsu.2022.104800.

IPCC, 2001, Climate Change 2001: The Scientific Basis, Contribution of Working Group I to the Third Assessment Report of the
Intergovernmental Panel on Climate Change Cambridge University Press, Cambridge, UK.

IPCC, 2008, Climate Change and Water. Technical Paper of the Intergovernmental Panel on Climate Change, IPCC Secretariat, Ge-
neva, 210 pp.

Jiménez-Mufioz J.C., Mattar C., Barichivich J., Santamarfa-Artigas A., Takahashi K., Malhi Y., Sobrino J.A., van der Schrier G., 2016,
Record-breaking warming and extreme drought in the Amazon rainforest during the course of El Nifio 2015-2016, Scientific Re-
potts, 6, DOI: 10.1038/srep33130.

Kocaman S., Tavus B., Nefeslioglu H.A., Karakas G., Gokceoglu C., 2020, Evaluation of floods and landslides triggered by a meteoro-
logical catastrophe (Ordu, Turkey, August 2018) using optical and radar data, Geofluids, 1, DOI: 10.1155/2020/8830661.

Koutsoyiannis D., 2020, Revisiting the global hydrological cycle: is it intensifying?, Hydrology and Earth System Sciences, 24 (8), 3899-
3932, DOL: 10.5194/hess-24-3899-2020.

Lehner B., Czisch G., Vassolo S., 2005, The impact of global change on the hydropower potential of Europe: a model-based analysis,
Energy Policy, 33 (7), 839-855, DOI: 10.1016/j.enpol.2003.10.018.

Lenssen N., Schmidt G., Hansen J., Menne M., Persin A., Ruedy R., Zyss D., 2019, Improvements in the GISTEMP uncertainty
model, Journal of Geophysical Research: Atmosphertes, 124 (12), 6307-6326, DOI: 10.1029/2018]D029522.


https://earthobservatory.nasa.gov/features/Water/page3.php
https://earthobservatory.nasa.gov/features/Water/page3.php

Li X., Huang T., Ma W., Sun X., Zhang H., 2015, Effects of rainfall patterns on water quality in a stratified reservoir subject to eu-
trophication: implications for management, Science of the Total Environment, 521-522, 27-36, DOI: 10.1016/j.sci-
totenv.2015.03.062.

LiY., Aemisegger F., Riedl A., Buchmann N., Eugster W., 2020, The role of dew and radiation fog inputs in the local water cycling of
a temperate grassland in Central Europe, Hydrology and Earth System Sciences, 25 (5), 2617-2648, DOL: 10.5194/hess-2020-493.

Loaciga H.A., Valdes ].B., Vogel R., Garvey J., Schwarz H., 1996, Global warming and the hydrologic cycle, Journal of Hydrology, 174
(1-2), 83-127, DOI: 10.1016/0022-1694(95)02753-X.

Magrin G.O., Travasso M.I., Rodriguez G.R., 2005, Changes in climate and crops production during the 20t century in Argentina,
Climatic Change, 72, 229-249, DOI: 10.1007/s10584-005-5374-9.

Manabe S., Wetherald R.T., Milly P.C.D., Delworth T.L., Stouffer R.J., 2004, Century-scale change in water availability: CO2-quadru-
pling expetiment, Climatic Change, 64, 59-76, DOI: 10.1023/B:CLIM.0000024674.37725.ca.

Marengo J.A., Seluchi M.E., Cunha A.P., Cuartas L.A., Goncalves D., Spetling V.B., Ramos A.M., Dolif G., Saito S., Bender F., Lopes
T.R., Alvala R.C., Moraes O.L., 2023, Heavy rainfall associated with floods in southeastern Brazil in November—December 2021,
Natural Hazards, 116, 3617-3644, DOI: 10.1007/s11069-023-05827 .

Masih I, Maskey S., Mussa F.E.F., Trambauer P., 2014, A review of droughts on the African continent: a geospatial and long-term
petspective, Hydrology and Earth System Sciences, 18 (9), 3635-3649, DOI: 10.5194/hess-18-3635-2014.

Miller K.A., Yates D.N., 2006, Climate Change and Water Resources: A Primer for Municipal, Awwa Research Foundation, 83 pp.

Mirza M.M.Q., 2003, Three recent extreme floods in Bangladesh: a hydro-meteorological analysis, Natural Hazards, 28, 35-64, DOI:
10.1023/A:1021169731325.

Mu D., Luo P., Lyu J., Zhou M., Huo A., Duan W., Nover D., He B., Zhao X., 2020, Impact of temporal rainfall patterns on flash
floods in Hue City, Vietnam, Journal of Flood Risk Management, 14 (1), DOIL: 10.1111/jft3.12668.

Miiller O.V., Betbery E.H., Alcaraz-Segura D., Ek M.B., 2014, Regional model simulations of the 2008 drought in southern South
America using a consistent set of land surface properties, Journal of Climate, 27 (17), 6754-6778, DOI: 10.1175/JCLI-D-13-
00463.1.

Nanditha J.S., Kushwaha A.P., Singh R., Malik I., Solanki H., Chuphal D.S., Dangar S., Mahto S.S., Mishra V., 2023, The Pakistan
flood of August 2022: causes and implications, Earth’s Future, 11 (3), DOI: 10.1029/2022EF003230.

NAST, 2001, Climate Change Impacts on the United States: The Potential Consequences of Climate Variability and Change: Over-
view, A Report of the National Assessment Synthesis Team, US Global Change Research Program, Cambridge University Press,
Cambridge, United Kingdom, 620 pp.

Neena J.M., Suhas E., Goswami B.N., 2011, Leading role of internal dynamics in the 2009 Indian summer monsoon drought, Journal
of Geophysical Research: Atmospheres, 116 (D13), DOI: 10.1029/2010JD015328.

Nicholson S.E., 2014, A detailed look at the recent drought situation in the Greater Horn of Africa, Journal of Arid Environments,
103, 71-79, DOL: 10.1016/j.jaridenv.2013.12.003.

512-514, DOI: 10.1038/415512a.

Pashiardis S., Michaelides S., 2008, Implementation of the standardized precipitation index (SPI) and the reconnaissance drought index
(RDI) for regional drought assessment: a case study for Cyprus, European Water, 23 (24), 57-65.

Pittock A.B. (ed.), 2003, Climate Change: An Australian Guide to the Science and Potential Impacts, Australian Greenhouse Office,
Canberra, ACT, 239 pp.

Powers J.E., Mureithi M., Mboya J., Campolo J., Swarthout J.M., Pajka J., Null C., Pickering A.]., 2023, Effects of high temperature
and heavy precipitation on drinking water quality and child hand contamination levels in Rural Kenya, Environmental Science and

Technology, 57 (17), 6975-6988, DOL: 10.1021/acs.est.2c07284.



Ramanathan V., Krutzen P.J., Kiehl J.T., Rosenfeld D., 2001, Aerosols, climate, and the hydrologic cycle, Science, 294 (5549), 2119-
2124, DOI: 10.1126/science.1064034.

Rebetez M., Mayer H., Dupont O., Schindler D., Gartner K., Kropp J.P., Menzel A., 2006, Heat and drought 2003 in Europe: a cli-
mate synthesis, Annals of Forest Science, 63 (6), 569-577, DOI: 10.1051/forest:2006043.

Rehman A, Jingdong L., Du Y., Khatoon R, Wagan S.A., Nisar S.K., 2015, Flood disaster in Pakistan and its impact on agriculture
growth (a review), Journal of Economics and Sustainable Development, 6 (23), 39-42.

Rodell M., Houser P.R., Jambor U., Gottschalck J., Mitchell K., Meng C., Arsenault K., Cosgrove B., Radakovich J., Bosilovich M.,
Entin J.K., Walker J.P., Lohmann D., 2004, The Global Land Data Assimilation System, Bulletin of the American Meteorological
Society, 85, 381-394, DOI: 10.1175/BAMS-85-3-381.

Samantaray S., Sahoo A., 2020, Estimation of flood frequency using statistical method: Mahanadi River basin, India, HxOpen Journal,
3 (1), 189-207, DOL: 10.2166/h20j.2020.004.

Schwalm C.R., Williams C.A., Schaefer K., Baldocchi D., Black T.A., Goldstein A.H., Law B.E., Oechel W.C., Paw U.K.T., Scott R.L..,
2012, Reduction in carbon uptake during turn of the century drought in western North America, Nature Geoscience, 5 (8), DOI:
10.1038/nge01529.

Sherani S.H., 2020, Efficient irrigation practices to minimize water loss, Pakistan & Gulf Economist, available online at

(data access

22.05.2024).

Shih Y J., Chen J.S., Chen Y.J., Yang P.Y., Kuo Y.J., Chen T.H., 2021, Impact of heavy precipitation events on pathogen occurrence in
estuarine areas of the Puzi River in Taiwan, PLoS ONE, 16 (8), DOIL: 10.1371/journal.pone.0256266.

Spinoni J., Barbosa P., De Jager A., McCormick N., Naumann G., Vogt J.V., Magni D., Masante D., Mazzeschi M., 2019, A new global
database of meteorological drought events from 1951 to 2016, Journal of Hydrology: Regional Studies, 22, DOI:
10.1016/j.¢jth.2019.100593.

Steve G., 2010, The water cycle, Earth Observatory, available online at https://earthobservatory.nasa.gov/features/Water (data access

22.05.2024).

Tan X., Wu X., Huang Z., Deng S., Hu M., Gan T.Y., 2022, Detection and attribution of the decreasing precipitation and extreme
drought 2020 in southwestern China, Journal of Hydrology, 610, DOI: 10.1016/j.jhydrol.2022.127996.

Thomas F., Sabel C.E., Morton K., Hiscock R., Depledge M.H., 2014, Extended impacts of climate change on health and wellbeing,
Environmental Science and Policy, 44, 271-278, DOI: 10.1016/j.envsci.2014.08.011.

Turral H., Burke J., Faure .M., 2011, Climate Change, Water and Food Security, Food and Agriculture Organization of the United
Nations.

Ulbrich U., Briicher T., Fink A.H., Leckebusch G.C., Kriiger A., Pinto J.G., 2003, The central European floods of August 2002: Part 1
— Rainfall periods and flood development, Weather, 58 (10), 371-377, DOI: 10.1256/wea.61.03A.

US-EPA, 2021a, Climate Change Indicators: Heavy Precipitation, available online at https://www.epa.gov/climate-indicators/climate-

change-indicators-heavy-precipitation (data access 22.05.2024).
US-EPA, 2021b, Climate Change Indicators: U.S. and Global Precipitation, available online at https://www.epa.gov/climate-indica-

tors/climate-change-indicators-us-and-global-precipitation (data access 22.05.2024).

US-EPA, 2021c, Climate Change Indicators: Drought, available online at https://www.epa.gov/climate-indicators/climate-change-

indicators-drought (data access 22.05.2024).

Van Dijk, S., Jeffrey J., Katz, M.R., 2013, A randomized, controlled, pilot study of dialectical behavior therapy skills in a psychoeduca-
tional group for individuals with bipolar disorder, Journal of Affective Disorders, 145 (3), 386-593, DOI:
10.1016/j.jad.2012.05.054.

Versini P.A., Pouget L., Mcennis S., Custodio E., Escaler 1., 2016, Climate change impact on water resources availability: case study of
the Llobregat River basin (Spain), Hydrological Sciences Journal, 61 (14), 2496-2508, DOI: 10.1080/02626667.2016.1154556.


https://www.pakistangulfeconomist.com/2020/10/12/efficient-irrigation-practices-to-minimize-water-loss/
https://earthobservatory.nasa.gov/features/Water
https://www.epa.gov/climate-indicators/climate-change-indicators-heavy-precipitation
https://www.epa.gov/climate-indicators/climate-change-indicators-heavy-precipitation
https://www.epa.gov/climate-indicators/climate-change-indicators-us-and-global-precipitation
https://www.epa.gov/climate-indicators/climate-change-indicators-us-and-global-precipitation
https://www.epa.gov/climate-indicators/climate-change-indicators-drought
https://www.epa.gov/climate-indicators/climate-change-indicators-drought

Wetherald R.T., Manabe S., 2002, Simulation of hydrologic changes associated with global warming, Journal of Geophysical Research:
Atmosphetes, 107 (D19), DOI: 10.1029/2001D001195.

Wild M., Ohmura A., Gilgen H., Rosenfeld D., 2004, On the consistency of trends in radiation and temperature record and implica-
tions for the global hydrologic cycle, Geophysical Research Letters, 31 (11), DOI: 10.11029/20031.091188.

Woodhouse C.A., Meko D.M., MacDonald G.M., Stahle D.W., Cook E.R., 2010, A 1,200-year perspective of 215t century drought in
southwestern North America, Proceedings of the National Academy of Sciences, 107 (50), 21283-21288, DOI:
10.1073/pnas.091119710.

Yang J., Gong D., Wang W., Hu M., Mao R., 2012, Extreme drought event of 2009/2010 over southwestern China, Meteorology and
Atmosphetic Physics, 115 (3-4), 173-184, DOI: 10.1007/s00703-011-0172-6.

Yeh P.J.-F., Wu C., 2018, Recent acceleration of the terrestrial hydrologic cycle in the U.S. Midwest, Journal of Geophysical Research:
Atmosphetes, 123 (6), 2993-3008, DOI: 10.1002/ 2017JD027706.

You C.-H., Lee D.-I., Kang M.-Y., Kim H.-]., 2016, Classification of rain types using drop size distributions and polarimetric radar:
Case study of a 2014 flooding event in Korea, Atmospheric Research, 181, 211-219, DOI: 10.1016/j.atmostes.2016.06.024.

Yuan X., Wang L., Wood E.F., 2018, Anthropogenic intensification of southern African flash droughts as exemplified by the 2015/16
season, Bulletin of the American Meteorological Society, 99 (1), 86-90, DOI: 10.1175/BAMS-D-17-0077.1.

Zhang L., Zhou T., 2015, Drought over East Asia: a review, Journal of Climate, 28 (8), 3375-3399, DOI: 10.1175/JCLI-D-14-00259.1.

Zhang Y., Chen W., Cihlar J., 2003, A process-based model for quantifying the impact of climate change on permafrost thermal re-
gimes, Journal of Geophysical Research: Atmosphetes, 108 (D22), DOI: 10.1029/2002]D003354.

Zhou L., Tian Y., Myneni R.B., Ciais P., Saatchi S., Liu Y.Y., Piao S., Chen H., Vermote E.F., Song C., Hwang T., 2014, Widespread
decline of Congo rainforest greenness in the past decade, Nature, 509 (7498), 86-90, DOI: 10.1038/nature13265.

Zhu L., Jiang C., Panthi S., Allard S.M., Sapkota A R., Sapkota A., 2021, Impact of high precipitation and temperature events on the
distribution of emerging contaminants in surface water in Mid-Atlantic, United States, Science of the Total Environment, 755,

DOI: 10.1016/j.scitotenv.2020.142552.



