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1. Introduction

The frequency and intensity of hydroclimatic extremes such as
droughts, floods, and heatwaves have been increasing in many countries
around the world due to anthropogenic climate change, posing severe
threats to human and natural systems. In particular, compound events
that result from a combination of climate drivers and/or hazards across
different spatial and temporal scales have been receiving increasing
attention from the hydroclimate community in recent years
(Zscheischler et al., 2018). Compound events such as concurrent
droughts and heatwaves may lead to more devastating impacts than
individual hazards, which are becoming more frequent and severe due
to the intensification of the hydrological cycle under a warming climate.
It is thus necessary to explore the spatiotemporal characteristics and
driving factors of hydroclimatic extremes for improving societal resil-
ience and for supporting adaptation planning.

It is difficult to explain the changes in the frequency and severity of
observed hydroclimatic extremes. Thus, the Sixth Assessment Report of
the Intergovernmental Panel on Climate Change brings together the
latest advances in climate science, observations, and climate simulations
to improve our understanding of physical mechanisms causing hydro-
climatic extremes in a changing climate. As the occurrence and magni-
tude of hydroclimatic extremes vary across regions and have significant
socio-economic and environmental impacts, future projections of
hydroclimatic extremes under different climate scenarios are urgently
needed to develop mitigation and adaptation strategies.

The aim of this special issue is to gather the most significant con-
tributions to theoretical development and scientific advancement
relating to hydroclimatic extremes and impacts in a changing environ-
ment. This special issue is a timely collection of 47 articles that cover a
variety of topics in the field of hydroclimatic extremes, which presents
recent advances in methodologies, modeling techniques and physical
mechanisms. The main contributions are summarized as follows.

2. Scientific advances

Chen et al. (2021) performed a quantitative assessment on the po-
tential relationships between the negative/positive effects of forest
cover changes on water yields and the biophysical cooling/warming
effects of forest cover on local temperatures across 12 paired watersheds
globally. Dominguez-Tuda and Gutiérrez-Jurado (2021) assessed the
hydrologic responses to climatic variability globally during the period of
2001-2016 and then examined the role of major topographic factors in
modulating hydrologic responses. Kumar et al. (2021) assessed the
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spatiotemporal variability and the complex dependence of climate ex-
tremes for 24 major river basins of India, using a copula-based proba-
bilistic approach. Li et al. (2021) investigated the future changes in
rainfall erosivity in mainland China under the Paris Agreement (1.5 °C
and 2 °C) global warming targets based on statistically downscaled and
bias-corrected Community Earth System Model (CESM) low-warming
ensemble simulations. Nury et al. (2021) assessed the change in
streamflow owing to the changing snow resources for the climate-
sensitive Brahmaputra basin and surrounding areas in the Tibetan
Plateau. Nygren et al. (2021) assessed the impact of hydroclimate on
groundwater with a focus on seasonal frost cover in a region (Sweden
and Finland) dominated by cold climate. Paltan et al. (2021) used river
flow simulations derived from a multi-model ensemble to estimate
future changes in potential water risks, which the current and planned
global hydropower generation capacities may need to face in their
contribution towards the Paris Agreement global warming targets. Qi
et al. (2021) investigated the interannual variations and trends of water
bodies as well as their responses to the interaction of driving factors over
recent decades (1984-2018) in the high-latitude water tower, Changbai
Mountain. Wang et al. (2021) examined the temporal and spatial vari-
ability of annual and extreme precipitation between permafrost and
non-permafrost zones across the Siberian lowlands during 1959-2018.
Zhang et al. (2021b) used the Hybrid Single-Particle Lagrangian Inte-
grated Trajectory model to investigate the moisture sources and path-
ways that supply precipitation over the Sichuan Basin in southwestern
China.

To investigate climate change impacts on hydrological extremes
(floods and droughts), Elagib et al. (2021) used photographs and satel-
lite images to analyze the recent pluvial and fluvial flood hazards as well
as their potential causes in the Sahel region of Africa. Kourgialas (2021)
evaluated the climate change impacts on hydrological extremes in the
northwestern part of Greece, which represents one of the most important
agricultural regions in the Mediterranean, dominated by tree cultiva-
tions for the period of 1960-2019. Ndehedehe et al. (2021) assessed the
large-scale variability of hydrological stores (terrestrial water storage,
soil moisture, surface water, and groundwater) and their responses to
drought intensities over large semi-arid areas in Australia. Pandey et al.
(2021) examined the historical and projected future trends in hydro-
climatic extremes and their spatial variations for a rain-fed Extended
East Rapti watershed in Central-Southern Nepal, based on an ensemble
of regional climate model simulations. Wasko et al. (2021a) explained
the changing characteristics of droughts and floods over Australia by
evaluating historical trends in key hydroclimatic variables including
rainfall, soil moisture, evapotranspiration, and runoff. Wasko et al.
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(2021b) further investigated the influence of changes in extreme rainfall
and soil moisture on flood magnitude on a global scale, improving our
understanding of how rainfall and streamflow extremes are changing
under climate change. Yin et al. (2021) identified the hydrometeoro-
logical and hydrological controls of the extreme inland flooding caused
by Hurricane Florence in 2018 over the Cape Fear River basin, based on
both observations and numerical simulations using WRF-Hydro.

In terms of compound event detection and attribution, Feng et al.
(2021) evaluated and compared the changes in compound dry and hot
events over global maize-producing areas based on different drought
indicators. Hao et al. (2021) investigated different categories of com-
pound dry and hot events in northeast China during July-August from
1952 to 2012 based on antecedent El Nino-Southern Oscillation (ENSO).
Shi et al. (2021) analyzed the spatiotemporal characteristics and future
changes of drought-flood abrupt alternation events over the Wei River
basin located in northern China for the period of 1960-2010.

3. Methodological advances

Nerantzaki and Papalexiou (2022) conducted a comprehensive re-
view on probabilistic methods used in the analysis of hydroclimatic
extremes, aiming to highlight their strengths and weaknesses. In terms
of methodological advances in drought analysis, Afroz et al. (2021)
developed a new method, termed the Residual Mass Severity Index
(RMSI), to assess hydroclimatic extremes based on precipitation time
series, and then compared the RMSI with the well-known Standardized
Precipitation Index for different drought durations across Australia.
Chang et al. (2022) proposed an integrated drought indicator based on a
combination of three hydrometeorological variables (precipitation,
runoff, and soil moisture) to identify drought events, and also developed
a Principal Component Analysis (PCA)-Copula based approach for
assessing the frequency of drought events for the upstream Nanpan
River in China. Ho et al. (2021) proposed a new framework for calcu-
lating the spatial propagation time from meteorological to hydrological
droughts, which provided insights in drought propagation through
different hydrologic variables. Zhao et al. (2021a) proposed a nonsta-
tionary standardized precipitation index to detect droughts and then
used copula functions to construct links between drought characteristics
in three major grain production zones of China under a changing
environment.

In terms of methodological advances in extreme precipitation and
flood analysis, Luo et al. (2021) introduced a new hydrologic and hy-
draulic coupled modeling program-MetroFlow that integrated multiple
models for improving the simulation of urban drainage systems in
response to a full spectrum of storm conditions. Ma et al. (2021) pro-
posed an Extreme Gradient Boosting (XGBoost) based approach for flash
flood risk assessment and then produced a county-level flash flood risk
map for Yunnan Province of China. Mohanty and Simonovic (2021)
investigated the suitability of various reanalysis datasets as hydraulic
forcings for simulating flood inundation over six selected flood-prone
basins in Canada. Ossandon et al. (2021) developed a multivariate
semi-Bayesian Hierarchical framework, which was capable of capturing
the spatial structure and correlation between model parameters through
Gaussian multivariate processes, for conducting nonstationary fre-
quency analysis of precipitation extremes at 73 stations over the
Southwest United States. Roksvag et al. (2021) proposed two post-
processing methods for adjusting the return level of extreme precipita-
tion estimated by Bayesian inference, improving the accuracy and
consistency of intensity—duration frequency curves across different du-
rations and return periods. Thorndahl and Andersen (2021) proposed a
novel method, CLIMACS (CLImate projection of MeAsured preCipitation
Series), for stochastic projection of long-term continuous rain series for
urban drainage design under different climate scenarios. Yin and Park
(2021) integrated the Terrestrial water storage anomaly (TWSA)
retrieved from the Gravity Recovery and Climate Experiment (GRACE)
mission with model-based TWSA estimates based on an optimal least
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square merging method across North America, improving flood poten-
tial analysis with increased accuracy and reduced uncertainty at sub-
regional to local scales. Zhao et al. (2021b) proposed a new transfer
learning-based approach to improve urban flood susceptibility mapping
in two urban catchments located in the metropolitan areas of Beijing in
China, improving conventional machine learning based hazard
assessments.

4. Ways forward

The frequency and intensity of hydroclimatic extremes have been
increasing in a warming world, which pose a growing threat to the
environment, human life, and socioeconomic development. In previous
studies, considerable efforts have been made to detect the spatial and
temporal changes in hydroclimatic extremes from local to global scales,
but there is a lack of in-depth analysis of the underlying physical causes
of extreme events and their real-world consequences. It remains unclear
1) how anthropogenic-induced warming promotes the occurrence of
individual and interrelated hydroclimatic extremes and 2) how hydro-
climatic extremes can translate into quantitative impacts on the envi-
ronment, society, and infrastructure. Thus, more efforts are expected in
future studies to explore the mechanisms causing hydroclimatic ex-
tremes associated with land-atmosphere-ocean interactions and feed-
backs across local, regional and global scales, and to explicitly quantify
their impacts on different sectors such as water resources, agriculture,
environment, human health, and infrastructure.

From the perspectives of methodologies and modeling techniques,
we need to propose innovative methods and guidelines for improving
the detection and attribution of hydroclimatic extremes. For instance,
conventional univariate analysis should be extended to multivariate
assessments with a main focus on the interactions between potential
drivers and/or hazards, thereby improving the characterization of
hydroclimatic extremes and advancing our understanding of occurrence
mechanisms (Raymond et al., 2020; Zscheischler and Lehner, 2021;
Zhang et al., 2021a). In addition, convection-permitting models (CPMs)
with horizontal grid spacing < 4 km can be used as a promising tool to
better resolve local-scale forcing and hydroclimatic processes associated
with complex topography and land use/cover (e.g., urban, mountainous,
and coastal regions) in response to variability in the large-scale atmo-
spheric circulation (Prein et al., 2015; Liu et al., 2017; Wang and Wang,
2019). CPMs are useful for improving the representation of hydro-
climatic dynamics and associated variables, especially hydroclimatic
extremes such as the short-duration (subdaily) rainfall extremes on a
local scale. Various sources of uncertainty, including observations,
initial and boundary conditions, climate scenarios, parameterization
schemes, model parameters and structures, should also be explicitly
addressed to improve the reliability of hydroclimatic projections. Since
various types of datasets, including high-resolution satellite-based
products, in situ observations, reanalysis products, and model simula-
tions, have become publicly available in recent years, high-quality
datasets from different sources should be utilized and combined to in-
crease the robustness in the detection, attribution, and projection of
hydroclimatic extremes.
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