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Abstract 

The interactions between the components of the Climate System are maintained through the interlinked Energy, Water, and 

Carbon Cycle. The rapidly intensifying unprecedented global warming affects the water cycle components in the atmosphere, 

the hydrosphere, and the biosphere. The components include precipitation, evapotranspiration, runoff, soil moisture, and water 

flux from the land to the oceans. These changes are complex, interplaying and nonlinear. The complexity further increases with 

the human water and land management and the associated feedback to the climate. Global warming has resulted in a widespread 

increase in extreme precipitation. An increase in droughts due to prolonged dry periods also been observed. Increases in heavy 

precipitation and decline in the medium precipitation have reduced the recharge and hence, the water storage on land. 

Agricultural intensification with increased irrigation, specifically in South Asia, resulted in a further decline in groundwater. 

Such human water management also has impacts on the spatial variation of rainfall. Understanding the perturbation in the water 

cycle due to multi-dimensional causal effects makes the projections of water availability challenging, despite enormous 

improvements in climate modelling over the last two decades. Here, I summarise the changing water cycle processes in a 

changing climate, identifying the potential areas for future research.    

 

 

Introduction  

The Intergovernmental Panel of Climate Change (IPCC), 

Assessment Report 6, Working Group I assessed global 

warming as rapid, intensifying, widespread, and 

unprecedented [1]. The increased temperature, resulting from 

anthropogenic emissions, drives enormous global and regional 

water cycle changes. Precipitation and Evapotranspiration are 

the two key variables that connect the atmosphere and land. 

Precipitation is one of the most complex meteorological 

phenomena to be modelled or simulated. Hence, the 

projections of the changing precipitation patterns in a 

changing climate are associated with high uncertainty and 

bias. The precipitation falling on the land gets converted into 

three major components: infiltration, evapotranspiration, and 

runoff. The partitioning of the available water from 

precipitation depends on the land use land cover (LULC), 

human water management practices, and the hydrologic 

memory. The evapotranspiration joins the atmospheric 

moisture and results in recycled precipitation. 

Evapotranspiration and the associated cooling change the 

spatial temperature patterns and, subsequently, the moisture 

tracks, perturbing precipitation patterns. This is known as 

land-atmosphere feedback. The runoff joins the ocean in terms 

of streamflow and controls the salinity of oceans near the 

coastline. That also has the potential of changing rainfall 

patterns inland. The entire system gets largely perturbed by 

human water management, such as reservoir operation, 

irrigation, LULC changes, urbanization, and even the 

proposed interlinking of river basins in India. Hence, 

understanding the water cycle in a changing climate needs a 

holistic approach rather than just conventional hydrology over 

the land. 

The glaciers and the snow covers over the high mountain play 

another vital role in maintaining the river flows in the dry 

seasons. Increased warming has resulted in melting of glaciers 

and the reduction of snow-covered areas. This might increase 

the flow in the near future and decline flows in the far future.  

Increased warming results in an increase in the evaporation 

and moisture-carrying capacity of the atmosphere. 

Observations show 1–3% increase in the mean precipitation 
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per degree Celsius warming, which is mainly contributed by 

the increases in extreme precipitation. The extreme 

precipitation increases by 7-8%/°C warming [2]. Increased 

extremes do not help in the infiltration and the subsequent 

groundwater recharge. IPCC AR6 WG1 suggests that similar 

changes will continue in the future. 

Changing Patterns of Precipitation and Extremes 

The Clausius-Clapeyron (C-C) theory in classical 

thermodynamics suggests that the moisture-carrying capacity 

of the atmosphere increases by 7–8%/°C warming. 

Observations indicate that extreme precipitation globally 

follows the same increasing rate with warming [2]. The trends 

are different at the regional scale due to differential moisture 

supply. Typically, the changes in precipitation have two 

components, changes in thermodynamic components and 

changes in the dynamic components. The thermodynamic 

changes follow the C-C scaling, whereas the dynamic changes 

are driven by wind and moisture sources. The scaling of 

extreme precipitation with temperature becomes higher and 

prominent for shorter duration rainfall. There are regions 

where double C-C scaling has been observed for sub-daily 

rainfall intensities. However, such a high scaling could be 

apparent due to the lack of monitoring of sub-daily 

temperature and also limited understanding of the 

considerations of timestamps, for which temperature needs to 

be recorded. 

Globally the mean rainfall shows an average increase of          

1–3%/°C warming. The global spatial pattern of changes in 

the mean and extreme rainfall are different. This makes the 

simulations of precipitation challenging at a global and 

regional scale. Not only the greenhouse gas (GHG) emissions 

but also the aerosols, land use land cover changes, and the 

human water management play a major role in changing the 

patterns of mean and extreme precipitation.  

For the Indian subcontinent, there has been a decline in the 

mean annual rainfall and seasonal monsoon rainfall. From 

June to September, the summer monsoon rainfall in India 

contributes to 80% of its total rainfall. The temperature 

difference between the landmass and the western Indian 

Ocean plays a significant role in the monsoon processes. Over 

the last century, there has been significant warming in the 

Western Indian Ocean, whereas the high aerosol concentration 

over North India resulted in cooling. These contrasting effects 

resulted in decreased thermal contrast of land and oceans. The 

analysis of 20th-century observed data shows a decreasing 

pattern of mean monsoon rainfall with a specific spatial 

pattern (Figure 1).  

India has observed an increase in extreme precipitation, which 

is particularly widespread in Central India [3]. This is due to 

the high moisture surge coming from the warm Arabian Sea. 

The Arabian Sea is the highest contributor of moisture to the 

widespread increased extreme precipitation in Central India 

[3]. Interestingly the second-highest contributor is the land 

moisture. This also suggests higher feedback from land to a 

large-scale process such as monsoon. During the end of the 

monsoon, the land contributions of moisture are 

approximately 20-25% of rainfall. Hence, changes in land 

results in a perturbation of mean and extreme rainfall.  

From 1950 onwards, the observed data of extreme rainfall not 

only shows an increase in extreme precipitation but also an 

increase in the spatial variability of extreme precipitation. This 

can probably be attributed to LULC changes and urbanization. 

Large-scale deforestation might result in a decline of monsoon 

rainfall due to reduced recycled precipitation, specifically over 

Northeast India [4]. The water management on land, 

specifically the uncontrolled irrigation, leads to the shifting of 

the rainfall band towards the west in September and an 

increase in widespread extremes over Central India. 

 

Figure 1: Decline of Indian Summer Monsoon Rainfall. 

Floods and Droughts 

Intuitively, mean and extreme precipitation changes translate 

into droughts and floods. However, such simplistic 

associations do not hold for complex hydrological processes 

and human interventions. Floods are categorized into pluvial 

floods, fluvial floods, coastal floods, and compound floods. In 

the pluvial floods, the increases in extremes get translated into 

increases in floods. For example, urban floods may be 

considered as pluvial floods. Hence, we can expect the 

changing patterns of pluvial flood almost similar to C-C 

scaling. Fluvial floods are the riverine floods and are 

dependent on multiple hydrologic conditions, soil moisture 

memory, human water management such as reservoir 
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operations, etc. Hence, the increase in extreme precipitation 

does not always linearly and proportionately increase the 

fluvial flood. There are no spatially consistent changing 

patterns of fluvial flood, unlike extreme precipitation.  

The patterns of floods largely depend on the size of watersheds 

as well. For smaller watersheds, with a very low time of 

concentration, the sub-daily scale precipitation scaling gets 

reflected in the streamflow scaling. For large watersheds, the 

impacts of extreme precipitation changes get dampened and 

cannot be easily attributed to a single factor. 

Coastal floods are associated with high tides and storm surges. 

Their occurrences increase with rising sea levels. A coastal 

flood is further associated with rainfall-induced flooding in a 

coastal region and is defined as compound flood extremes. 

Many of the coastal regions in India are affected by compound 

flooding. For example, the flooding associated with the pre-

monsoon tropical cyclones on the East coast of India are 

associated with extremes of precipitation, storm surge, tidal 

flood, and sea-level rise. In the future, the coastal regions will 

be more prone to the compound extremes due to the increase 

in all the contributing factors. 

IPCC, AR6, WG-I Chapter-11 defines drought as “periods of 

time with substantially below-average moisture conditions, 

usually covering large areas, during which limitations in water 

availability result in negative impacts for various components 

of natural systems and economic sectors.” There are different 

types of droughts. Broadly, they are classified as, 

meteorological drought, agricultural drought, and 

hydrological drought [5]. Meteorological droughts are 

associated with precipitation deficit or decline in the 

differences between precipitation and evapotranspiration. 

Hydrological droughts are associated with a decrease in the 

hydrological variables. Agricultural droughts involve 

moisture deficit, atmospheric aridity, or soil moisture deficit 

that affect the agricultural productivity. Drought duration 

might vary from a few weeks (flash drought) to multiannual 

(mega-drought). Globally, more regions experience an 

increase in meteorological drought and ecological drought. 

There has been an increase in drought in India. However, the 

projected droughts under a warming climate are uncertain. 

This is associated with the poor model performance of the 

General Circulation Models (GCM) in simulating Indian 

Monsoon. For example, the Indian monsoon rainfall has 

declined over the last 50 years but the GCM historical 

simulations show an increase in monsoon rainfall. 

Urban Climate and Hydrology 

Around 35% of the Indian population live in urban regions, 

which are extremely vulnerable to climate extremes. The 

urban regions experience an intensification of extreme 

precipitation Such intensification is associated with the (1) 

high temperature in the urban regions, (2) temperature 

differences between urban and nearby non-urban regions, (3) 

urban pollution and aerosols acting as cloud condensation 

nuclei, and (4) urban structure and morphology favoring 

atmospheric instability with the generation of pockets of 

extremely heavy rainfall. Numerical and statistical 

experiments show an increase in the urban precipitation in 

India [6]. Urbanization has also led to non-stationarity and 

change of trends in extreme precipitation.  

In the urban catchments, the infiltration is very low, and 

hence, extreme precipitation translates to extreme flood. With 

a significant increase in extreme precipitation with warming 

and urbanization, the existing urban drainage often fails and 

results in an enormous increase in urban flooding in India. 

Furthermore, urban flooding is often associated with coastal 

flooding in coastal cities, the upstream reservoir operations, 

and the intensified rainfall in the upstream watershed. High 

human interventions, dense urban structures and lack of 

availability of high-resolution elevation map and drainage 

make urban flood simulation one of the most challenging 

hydrological problems. 

Food-Energy-Water Nexus 

The agricultural intensification to feed the growing population 

has increased the crop-water demand specifically for our 

agriculture-dominated country, India. Global warming further 

increases agricultural water demand. The water availability 

has reduced with the increase of drought. Extreme 

precipitation cannot percolate through the soil within a short 

time and hence, does not add to recharge. The increasing water 

demand for food and the decreasing water availability have 

made the farmers rely on groundwater irrigation. In India, 

irrigation is uncontrolled and inefficient, and Government 

subsidies for groundwater pumping have resulted in a huge 

depletion of groundwater [7]. The depleting groundwater 

levels increase the energy requirements of groundwater 

pumping every year. The increased agricultural cost further 

affects food security. Hence, global warming has made the 

present agricultural practices unsustainable failing to meet the 

goals of water and food security. 

Summary 

In summary, the rapid, intensifying, irreversible climate 

changes have impacted the water cycle and water resources. 

Managing water with the development of climate-smart 

technology is the key. Climate scientists have made significant 

efforts to portray the failure of water infrastructure in the next 

100 years, which is important. However, the major stress 

should be on developing unique out-of-the-box sector-specific 

water management adaptation practices. This might need 

changes such as replacing water-intensive crops, such as rice, 

with other non-intensive crops or developing a large-scale soil 

moisture network for monitoring water needs, etc. Involving 

climate components in every step of technology development 

is the key climate solution for a sustainable future. 
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