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Figure 4.2 |  The water cycle, including direct human interventions. Water fluxes on land precipitation, land evaporation, river discharge, groundwater recharge and 
groundwater discharge to the ocean from Douville et al. (2021). Human water withdrawals for various sectors are shown from Hanasaki et al. (2018), Sutanudjaja et al. (2018), Burek 
et al. (2020), Droppers et al. (2020) and Müller Schmied et al. (2021). Green water use (Abbott et al., 2019) refers to the use of soil moisture for agriculture and forestry. Irrigation 
water use (called blue water) is not included in green water use.

In summary, radiative forcing by GHG and aerosols drives changes in 
ET and precipitation at global and regional scales, and the associated 
warming shifts the balance between frozen and liquid water (high 
confidence). Rising CO2 concentrations also affect the water cycle via 
plant physiological responses affecting transpiration, including via 
reduced stomatal opening and increased leaf area (high confidence 
regarding the individual processes; medium confidence regarding 
their net impact). Land cover changes and urbanisation affect both 
the climate and land hydrology by altering the exchanges of energy 
and moisture between the atmosphere and surface (high confidence) 
and changing the permeability of the land surface. Direct human 
interventions in river systems and groundwater systems are non-
climatic drivers with substantial impacts on the water cycle (high 
confidence) and have the potential to change as part of societal 
responses to climate change (Figure 4.2).

4.2 Observed Changes in the Hydrological 
Cycle Due to Climate Change

All components of the global water cycle have been modified due to 
climate change in recent decades (high confidence) (Douville et  al., 
2021), with hundreds of millions of people now regularly experiencing 
hydrological conditions that were previously unfamiliar (Sections 4.2.1.1, 
4.2.4, 4.2.5). Extensive records from weather stations, satellites and 
radar clearly show that precipitation patterns have shifted worldwide. 
Three major shifts documented are (a) some regions receiving more 

annual or seasonal precipitation and others less, (b) many regions have 
seen increased heavy precipitation, and many have seen either increases 
or decreases in dry spells and (c) some regions have seen shifts towards 
heavier precipitation events separated by more prolonged dry spells 
(Section  4.2.1.1). Observationally based calculations suggest that ET 
has changed in response to changes in precipitation and increasing 
temperatures, resulting in changing patterns of soil moisture worldwide 
which are now detectable by satellite remote sensing (Sections 4.2.1.2, 
4.2.1.3). Rising temperatures have caused profound and extensive 
changes in the global cryosphere, with mountain glaciers, land ice and 
snow cover shrinking, causing substantial, permanent impacts on the 
ways of life of people in these regions, particularly Indigenous Peoples 
with strong cultural links to long-term or seasonally frozen environments 
(Sections 4.2.2, 4.3.8). Groundwater recharge in spring may have been 
reduced due to shorter snowmelt seasons, although the dominant impact 
on groundwater has been non-climatic and through intensification of 
irrigation (Section 4.2.6). The global-scale pattern of streamflow changes 
is now attributable to observed historical climate change, with human 
land and water use insufficient by themselves to explain the observed 
streamflow changes at global scales (Section 4.2.3). Numerous examples 
of extreme hydrometeorological events, including heavy precipitation, 
flooding, drought and wildfire events causing deaths, high levels of 
economic damage and extensive ecological impacts, have been shown 
to have been made more likely by human influence on climate through 
increased GHG concentrations in the atmosphere (Sections 4.2.1.1, 4.2.4, 
4.2.5). Overall, there is a clear picture of human alteration of the global 
water cycle, which is now affecting societies and ecosystems across the 



The Intergovernmental Panel on Climate Change (IPCC)’s Sixth Assessment Report, 2023. 
https://report.ipcc.ch/ar6syr/pdf/IPCC_AR6_SYR_LongerReport.pdf

Accelerating Global Sea Level Rise will Inundate 
Deltas with Flooding and Saltwater Intrusion

Ice Sheet Instability

https://report.ipcc.ch/ar6syr/pdf/IPCC_AR6_SYR_LongerReport.pdf


Transboundary Indus and Mekong river basins face glacial melt and 
rainfall variability in highlands and sea level rise and salt water 
intrusion in ocean-facing deltas across 9 riparian countries



Transboundary Amazon and Jordan river basins: Differences in ocean-
facing vs. inland deltas



Transboundary Niger, Nile and Congo river basins are highly 
vulnerable to sea level rise induced migration of and from deltas



Synthesis of Social Ecological Challenges in Deltas

• Local delta scale
– Saltwater intrusion, acidification and coastal erosion, agricultural and land 

degradation, wetland and mangrove degradation, arsenic and water pollution, coastal 
flooding, flash droughts, heatwaves, lack of access to clean water, poverty, loss of 
livelihoods, migration, loss of fisheries, dwindling critical infrastructures, land 
subsidence

• Regional basin scale
– Increasing construction of hydropower dams and irrigation diversions reduce water 

flow from upstream to downstream, diminishing river flows to deltas
– Upstream sources of pollution include manufacturing, agriculture, housing & 

transportation sectors

• Global planetary scale
– Sea Level Rise, Glacial Melting (slow onset events)
– Increasing intensity and frequency of extreme events such as floods, droughts, 

heat waves (acute events)



Policy and Governance Solutions Embedded in 
Draft UN-CCRD

• Multi-level, Inclusive and Anticipatory Governance Solutions
– Establish intergovernmental UN-CCRD secretariat for enabling direct 

access to indigenous, youth and vulnerable communities
– Enable inter-delta sharing of knowledge and resources
– Promote transboundary cooperation from Highlands to Oceans among 

all riparian partners of river basins for equitable allocation of water 
quantity and access to clean water

– Preserve minimum environmental flows in rivers and implement global 
water quality standards

• Local to Global Policy Solutions
– Mainstream community centric early warning early action systems 

encompassing integrative Highlands to Oceans action
– Empower and fund community science
– Pilot basic income support programs for vulnerable populations
– Anticipate and plan for migration of vulnerable delta communities 



Figure 1: Illustration of Different Lead Times in Different Types of Early Warning Early 
Action Systems ( Zia and Oikonomou 2024) where, (a) Tsunamis; (b) Earthquakes; (c) 
Chemical and Nuclear Accidents; (d) Floods; (e) ENSO; (f) Heat Waves and Human Health; (g) 
Reservoirs; (h) Weather; (i) Soils; (j) Crops, Prices, Reserves, Food Aid; (k) Urban, Industry, 
Infrastructure Design; (l) Conflict, Migration, People Exposed; (m) Snow Pack, (n) Land Use 
Planning; (o) Environmental Management & State; (p) Energy Security; (q) Climate Change.



Next generation multi-hazard early warning early action 
systems account for tipping points, and generate drought, 
flood, water quality & conflict forecasts at high resolutions

Environ. Res. Lett. 11 (2016) 114026 doi:10.1088/1748-9326/11/11/114026
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Abstract
Global climate change (GCC) is projected to bring higher-intensity precipitation and higher-
variability temperature regimes to theNortheasternUnited States. The interactive effects of GCCwith
anthropogenic land use and land cover changes (LULCCs) are unknown for watershed level
hydrological dynamics and nutrient fluxes to freshwater lakes. Increased nutrientfluxes can promote
harmful algal blooms, also exacerbated bywarmerwater temperatures due toGCC. To address the
complex interactions of climate, land and humans, we developed a cascading integrated assessment
model to test the impacts of GCC and LULCCon the hydrological regime, water temperature, water
quality, bloomduration and severity through 2040 in transnational Lake Champlain’sMissisquoi Bay.
Temperature and precipitation inputs were statistically downscaled from four global circulation
models (GCMs) for three Representative Concentration Pathways. An agent-basedmodel was used to
generate four LULCC scenarios. Combined climate and LULCC scenarios drove a distributed
hydrologicalmodel to estimate river discharge and nutrient input to the lake. Lake nutrient dynamics
were simulatedwith a 3Dhydrodynamic-biogeochemicalmodel.We find acceleratedGCC could
drastically limit landmanagement options tomaintainwater quality, but the nature and severity of
this impact varies dramatically byGCMandGCC scenario.

1. Introduction

In the ‘Age of theAnthropocene’, changes in ecological
systems are increasingly coupled with changes in
social, economic and political systems [1, 2]. These
coupled complex adaptive systems are broadly defined

as ‘Social Ecological Systems’ (SESs) [3–7]. Social-
ecological systems are complex adaptive systems
characterized by threshold effects, path dependencies,
nonlinear dynamics, multiple basins of attraction, and
limited predictability [8]. Natural ecosystems often do
not respond smoothly to gradual change [4], and may
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H I G H L I G H T S

• Blooms are most sensitive to precipitation
variability under a wetter and warmer cli-
mate.

• Increases in precipitation elevate nutrient
loads but also curtail summer blooms.

• Legacy phosphorus causes blooms to be-
come worse under drier and warmer sce-
narios.

• Blooms are more sensitive to changes in
climate central tendency than variability.

• Blooms following wet-to-dry sequences
motivate studies on changes in persis-
tence.
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Many recent studies have attributed the observed variability of cyanobacteria blooms to meteorological drivers and
have projected blooms with worsening societal and ecological impacts under future climate scenarios. Nonetheless,
few studies have jointly examined their sensitivity to projected changes in both precipitation and temperature variabil-
ity. Using an Integrated AssessmentModel (IAM) of Lake Champlain's eutrophic Missisquoi Bay, we demonstrate a fac-
torial design approach for evaluating the sensitivity of concentrations of chlorophyll a (chl-a), a cyanobacteria
surrogate, to global climate model-informed changes in the central tendency and variability of daily precipitation
and air temperature.
An Analysis of Variance (ANOVA) and multivariate contour plots highlight synergistic effects of these climatic
changes on exceedances of the World Health Organization's moderate 50 μg/L concentration threshold for rec-
reational contact. Although increased precipitation produces greater riverine total phosphorus loads, warmer
and drier scenarios produce the most severe blooms due to the greater mobilization and cyanobacteria uptake
of legacy phosphorus under these conditions. Increases in daily precipitation variability aggravate blooms
most under warmer and wetter scenarios. Greater temperature variability raises exceedances under current air
temperatures but reduces them under more severe warming when water temperatures exceed optimal values
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Calibration, Validation, & Scenario Testing of AI-Hydro REWEALS Requires Science 
Cooperation and Data Sharing Among All Riparian Partners of a River Basin!

Deployment of novel AI and human collaborative technologies, such as AI 
augmented Hydroclimatic Regime-shift Early Warning Early Action Lead 
Systems (AI-Hydro REWEALS), builds climate resilience and advances 
cooperation in transboundary river basins



Globally distributed deltas require a UN-CCRD

Forty largest ocean facing deltas!


