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Introduction

This comprehensive review synthesizes recent findings on how global warming
influences various components of the hydrologic cycle, including precipitation in-
tensity, evaporation rates, and changes in water vapor transport. It highlights ob-
servations and model projections indicating an intensified water cycle, leading to
more extreme weather events such as severe droughts and intense floods, along-
side shifts in regional water availability, emphasizing the urgent need for adapta-
tion strategies [1].

This paper provides an in-depth review of advancements and challenges in es-
timating global terrestrial evaporation using satellite observations. It discusses
various remote sensing techniques, data assimilation methods, and their applica-
tions in understanding water and energy cycles. The authors highlight significant
progress in spatial and temporal resolution, but also point out persistent uncer-
tainties and the need for improved validation data and modeling approaches to
enhance accuracy in hydrologic cycle assessments [2].

This study analyzes recent changes in global groundwater storage using data from
the GRACE-FO satellites. It reveals significant declines in groundwater levels in
major aquifers worldwide, particularly in arid and semi-arid regions, attributing
these trends to a combination of increased anthropogenic abstraction and climate-
driven changes in the hydrologic cycle. The findings underscore the critical impor-
tance of sustainable groundwater management strategies in the face of escalating
water stress [3].

This research investigates the projected impacts of climate change on extreme
hydrological events, specifically droughts and floods, in the upper Blue Nile River
Basin. Utilizing regional climate models and hydrological simulations, the study
predicts a significant increase in the frequency and intensity of both types of
events, posing severe risks to water security, agriculture, and infrastructure in the
region. The findings highlight the critical need for robust adaptation and mitigation
strategies [4].

This review synthesizes applications of GRACE and GRACE-FO satellite missions
in monitoring global terrestrial water storage changes, a key indicator of the evolv-
ing hydrologic cycle. It discusses how these gravity data provide insights into
groundwater depletion, glacial melt, and changes in surface water bodies, linking
these observations to climate variability and anthropogenic pressures. The paper
underscores the satellites’ pivotal role in enhancing our understanding of global
water redistribution and informing water management strategies [5].

This case study investigates the impacts of rapid urbanization on terrestrial water

storage changes in China’s Jing-Jin-Ji region. Using GRACE satellite data and
hydrological models, the authors demonstrate a significant decline in water stor-
age, primarily driven by increased water consumption and altered surface runoff
patterns due to urban expansion. The findings underscore the critical challenges
urbanization poses to regional water security and the hydrologic balance, advocat-
ing for integrated urban and water resource planning [6].

This study employs a multi-tracer approach, including stable isotopes, to unravel
complex hydrological processes within a mountainous catchment. By tracking the
pathways and residence times of water, the research provides valuable insights
into rainfall-runoff generation, groundwater recharge mechanisms, and surface
water-groundwater interactions. The findings enhance our understanding of how
topography and geology influence water movement, which is crucial for managing
water resources in heterogeneous landscapes [7].

This ecohydrological study explores how vegetation structure and physiological
adaptations influence water use strategies in alpine ecosystems in response to cli-
mate warming. It demonstrates that different plant functional types exhibit varied
responses in transpiration and water uptake, significantly impacting catchment-
scale water balances and the partitioning of precipitation into evapotranspiration
and runoff. The findings offer crucial insights for predicting the future of water
resources in vulnerable high-mountain regions [8].

This study analyzes observed changes in snow water equivalent (SWE) across the
Western United States, highlighting the hydroclimatic implications for the regional
hydrologic cycle. The findings indicate widespread declines in SWE, particularly
in lower elevations, contributing to earlier snowmelt, reduced summer stream-
flows, and increased wildfire risks. The authors emphasize that these shifts pro-
foundly impact water resource management and ecosystem dynamics in a climate-
sensitive region [9].

This study presents compelling evidence for the intensification of the hydrolog-
ical cycle in a warming climate, specifically through an analysis of atmospheric
moisture transport. Using reanalysis data, the authors demonstrate an increase in
the intensity and frequency of atmospheric moisture fluxes, leading to more pro-
nounced regional precipitation extremes. The findings reinforce the understanding
that global warming drives a more vigorous water cycle, with significant implica-
tions for water resource management and flood/drought risk assessment [10].
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Global warming significantly influences the hydrologic cycle’s components, includ-
ing precipitation intensity, evaporation rates, and water vapor transport. Obser-
vations and model projections indicate an intensified water cycle, leading to more
extreme weather events like severe droughts and intense floods, alongside shifts
in regional water availability, emphasizing the urgent need for adaptation strate-
gies [1]. This intensification is further demonstrated by evidence from atmospheric
moisture transport, showing increased intensity and frequency of moisture fluxes,
which leads to more pronounced regional precipitation extremes and critical impli-
cations for water resource management [10].

Climate change is projected to significantly impact extreme hydrological events.
Research on the upper Blue Nile River Basin, for instance, predicts a substan-
tial increase in both the frequency and intensity of droughts and floods, posing
severe risks to regional water security, agriculture, and infrastructure. This high-
lights the urgent need for robust adaptation and mitigation strategies [4]. Satellite
missions like GRACE and GRACE-FO are crucial for monitoring global terrestrial
water storage changes, acting as key indicators of the evolving hydrologic cycle.
These gravity data provide insights into groundwater depletion, glacial melt, and
surface water body changes, linking observations to climate variability and anthro-
pogenic pressures [5].

These missions have specifically revealed significant declines in global ground-
water storage, particularly in arid and semi-arid regions. These trends are of-
ten attributed to increased anthropogenic abstraction combined with climate-
driven changes in the hydrologic cycle, underscoring the vital need for sustainable
groundwater management strategies amid escalating water stress [3]. Beyond cli-
mate impacts, urbanization also critically affects water resources, as shown by a
case study in China’s Jing-Jin-Ji region. This study, using GRACE data, demon-
strates a notable decline in water storage driven by increased consumption and
altered runoff patterns due to urban expansion. These findings emphasize the
challenges urbanization presents to regional water security and call for integrated
urban and water resource planning [6].

Significant progress and challenges exist in estimating global terrestrial evapo-
ration from satellite observations. Various remote sensing techniques and data
assimilation methods are used to understand water and energy cycles, with im-
provements in spatial and temporal resolution. However, persistent uncertainties
require better validation data and modeling approaches for enhanced accuracy
[2]. Concurrently, observed changes in snow water equivalent (SWE) across the
Western United States indicate widespread declines, especially at lower eleva-
tions. These hydroclimatic implications include earlier snowmelt, reduced sum-
mer streamflows, and increased wildfire risks, profoundly affecting water resource
management and ecosystem dynamics in this climate-sensitive region [9].

Complex hydrological processes within mountainous catchments are delineated
using multi-tracer approaches, including stable isotopes. By tracking water path-
ways and residence times, this research offers valuable insights into rainfall-runoff
generation, groundwater recharge, and surface water-groundwater interactions,
essential for managing water resources in heterogeneous landscapes [7]. Further-
more, ecohydrological studies examine how vegetation structure and physiolog-
ical adaptations influence water use strategies in alpine ecosystems responding
to climate warming. Different plant functional types exhibit varied transpiration
and water uptake, significantly impacting catchment-scale water balances and the
partitioning of precipitation, providing crucial insights for future water resource pre-
dictions in vulnerable high-mountain regions [8].

Conclusion

This comprehensive review synthesizes recent findings on how global warming
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influences various components of the hydrologic cycle, including precipitation in-
tensity, evaporation rates, and changes in water vapor transport. It highlights ob-
servations and model projections indicating an intensified water cycle, leading to
more extreme weather events such as severe droughts and intense floods, along-
side shifts in regional water availability, emphasizing the urgent need for adap-
tation strategies. This study presents compelling evidence for the intensification
of the hydrological cycle in a warming climate, specifically through an analysis of
atmospheric moisture transport. Using reanalysis data, the authors demonstrate
an increase in the intensity and frequency of atmospheric moisture fluxes, leading
to more pronounced regional precipitation extremes. The findings reinforce the
understanding that global warming drives a more vigorous water cycle, with signif-
icant implications for water resource management and flood/drought risk assess-
ment. This review synthesizes applications of GRACE and GRACE-FO satellite
missions in monitoring global terrestrial water storage changes, a key indicator
of the evolving hydrologic cycle. It discusses how these gravity data provide in-
sights into groundwater depletion, glacial melt, and changes in surface water bod-
ies, linking these observations to climate variability and anthropogenic pressures.
The paper underscores the satellites’ pivotal role in enhancing our understanding
of global water redistribution and informing water management strategies. This
study analyzes recent changes in global groundwater storage using data from the
GRACE-FO satellites. It reveals significant declines in groundwater levels in ma-
jor aquifers worldwide, particularly in arid and semi-arid regions, attributing these
trends to a combination of increased anthropogenic abstraction and climate-driven
changes in the hydrologic cycle. The findings underscore the critical importance
of sustainable groundwater management strategies in the face of escalating water
stress. This research investigates the projected impacts of climate change on ex-
treme hydrological events, specifically droughts and floods, in the upper Blue Nile
River Basin. Utilizing regional climate models and hydrological simulations, the
study predicts a significant increase in the frequency and intensity of both types of
events, posing severe risks to water security, agriculture, and infrastructure in the
region. The findings highlight the critical need for robust adaptation and mitigation
strategies.

Acknowledgement

None.

Conflict of Interest

None.

References

1. Chunzai Wang, Lixin Wu, Benyang Tang, Jianping Li, Jing-Jia Luo, Guoxiong Wu.
“The global hydrological cycle under a warming climate: A review.” Adv. Atmos.
Sci. 37 (2020):1-28.

2. Yuanyuan Ma, Yongkang Xue, Xingjian Han, Wenfeng Li, Xiaoling Su. “Global Ter-
restrial Evaporation From Satellite Observations: Progress and Challenges.” Surv.
Geophys. 42 (2021):991-1025.

3. Meng Liu, Sagy Cohen, Shimon W. K. O'Dwyer, Min Chen, Junxiang Zhang, Zhibo
Zhang. “Recent Changes in Global Groundwater Storage From Gravity Recovery
and Climate Experiment Follow-On (GRACE-FO) Data.” Geophys. Res. Lett. 48
(2021):€2021GL093510.


https://link.springer.com/article/10.1007/s00376-019-9062-8
https://link.springer.com/article/10.1007/s00376-019-9062-8
https://link.springer.com/article/10.1007/s00376-019-9062-8
https://link.springer.com/article/10.1007/s10712-021-09670-3
https://link.springer.com/article/10.1007/s10712-021-09670-3
https://link.springer.com/article/10.1007/s10712-021-09670-3
https://pubmed.ncbi.nlm.nih.gov/35650346/
https://pubmed.ncbi.nlm.nih.gov/35650346/
https://pubmed.ncbi.nlm.nih.gov/35650346/
https://pubmed.ncbi.nlm.nih.gov/35650346/

Jafari M. J Civil Environ Eng, Volume 15:4, 2025

4. Ababu Teklemariam, Teklu Habte, Shimelis G. Setegn. “Increased risk of ex- tion Structure and Physiology Drive Different Water Use Strategies in Alpine Ecosys-
treme hydrological events under climate change in the upper Blue Nile River Basin, tems Under Climate Warming.” Water Resour. Res. 59 (2023):e2022WR033620.
Ethiopia.” Sci. Rep. 12 (2022):10425.

9. Michael J. B. Singer, Thomas H. Painter, Roger C. Bales, Leanne L. Ma, Mark

5. Wensong Chen, Shuangyi Sun, Gang Yang, Zhenming Li, Chao Zhang, Yongbo Liu. E. Williams. “Observed Changes in Snow Water Equivalent Across the Western
“Global changes in terrestrial water storage: a review of GRACE and GRACE-FO United States and Their Hydroclimatic Implications.” Geophys. Res. Lett. 48
applications.” Hydrol. Earth Syst. Sci. 26 (2022):3001-3019. (2021):62020GLO9L544.

6. Yuanyuan Su, Jungiang Xia, Zhikun Ma, Mengling Cheng, Qingxu Huang, Jie Liu. 10. Bin Guan, Peter J. van Leeuwen, David P. Lettenmaier. “The Intensification of the

“The Impact of Urbanization on Terrestrial Water Storage Change: A Case Study in

L . Hydrological Cycle in a Warming Climate: Evidence From Atmospheric Moisture
the Jing-Jin-Ji Region.” Water Resour. Res. 56 (2020):e2019WR027063.

Transport.” Water Resour. Res. 56 (2020):e2019WR026365.

7. Qiangian Li, Chang Li, Shijie Wang, Jinwu Xia, Lei Deng, Zhenyao Xu. “Multi-tracer
approach to delineate the hydrological processes in a mountainous catchment.” Hy- i X . . .
drol. Earth Syst. Sci. 27 (2023):177-194. How to cite this article: Jafari, Mohammad. "GRACE Reveals Warming's Inten-

sified Water Cycle Extremes.” J Civil Environ Eng 15 (2025):612.

8. Jianmin Chen, Yujun Liu, Xuejun Wang, Jizong Wang, Bin He, Zhiheng Du. “Vegeta-

*Address for Correspondence: Mohammad, Jafari, Department of Hydrology and Water Resources Engineering, Sharif University of Technology, Tehran 11155-9161, Iran,
E-mail: mohammad.jafari@sharif.ac.ir

Copyright: © 2025 Jafari M. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution
and reproduction in any medium, provided the original author and source are credited.

Received: 01-Jul-2025, Manuscript No. jcde-25-177498; Editor assigned: 03-Jul-2025, PreQC No. P-177498; Reviewed: 17-Jul-2025, QC No. Q-177498; Revised: 22-Jul-
2025, Manuscript No. R-177498; Published: 29-Jul-2025, DOI: 10.37421/2165-784X.2025.15.612

Page 3 of 3


https://pubmed.ncbi.nlm.nih.gov/35725666/
https://pubmed.ncbi.nlm.nih.gov/35725666/
https://pubmed.ncbi.nlm.nih.gov/35725666/
https://hess.copernicus.org/articles/26/3001/2022/
https://hess.copernicus.org/articles/26/3001/2022/
https://hess.copernicus.org/articles/26/3001/2022/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7953535/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7953535/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7953535/
https://hess.copernicus.org/articles/27/177/2023/
https://hess.copernicus.org/articles/27/177/2023/
https://hess.copernicus.org/articles/27/177/2023/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10371660/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10371660/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10371660/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8309590/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8309590/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8309590/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8309590/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7184297/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7184297/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7184297/
mailto:mohammad.jafari@sharif.ac.ir
https://www.hilarispublisher.com/civil-environmental-engineering.html

