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Preface

This is one chapter in a multichapter report that assesses water availability in the United States
for water years 2010—20. This work was conducted as part of the fulfillment of the mandates

of Subtitle F of the Omnibus Public Land Management Act of 2009 (Public Law 111-11), also
known as the SECURE Water Act. As such, this work examines the spatial and temporal
distribution of water quantity and quality in surface water and groundwater, as related to human
and ecosystem needs and as affected by human and natural influences. Chapter A (Stets and
others, 2025a) introduces the National Integrated Water Availability Assessment and provides
important background and definitions for how the report characterizes water availability and

its components. Chapter A also presents the key findings of Chapters B—F and thus acts as a
summary of the entire report. Chapter B (Gorski and others, 2025) is a national assessment

of water supply, which is the quantity of water supplied through climatic inputs. Chapter C
(Erickson and others, 2025) is a national assessment of water quality, which is the chemical

and physical characteristics of water. Chapter D (Medalie and others, 2025) assesses water use
including withdrawals and consumptive use in the conterminous United States. Chapter E (this
report) presents an analysis of factors affecting future water availability under changing climate
conditions. The National Integrated Water Availahility Assessment culminates with Chapter F
(Stets and others, 2025b), which is an integrated assessment of water availability that considers
the amount and quality of water coupled with the suitability of that water for specific uses.
Together, these six chapters constitute the National Integrated Water Availability Assessment
for water years 2010-20.
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Conversion Factors

U.S. customary units to International System of Units

Multiply By To obtain
Length
mile (mi) 1.609 kilometer (km)
Flow rate
cubic foot per second (ft/s) 0.02832 cubic meter per second (m?/s)

International System of Units to U.S. customary units

Multiply By To obtain

Length

millimeter (mm) 0.03937 inch (in.)

meter (m) 3.281 foot (ft)

kilometer (km) 0.6214 mile (mi)

meter (m) 1.094 yard (yd)

Flow rate

cubic meter per year (m3/yr) 0.000811 acre-foot per year (acre-ft/yr)

meter per year (m/yr) 3.281 foot per year ft/yr)
Mass

gigatons (GT) 1,000,000,000 metric tons (t)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
°F=(1.8x °C) + 32.

Datums

Vertical coordinate information is referenced to the North American Vertical Datum of 1988
(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Elevation, as used in this report, refers to distance above the vertical datum.

Supplemental Information

A water year is the 12-month period from October 1 through September 30 of the following year
and is designated by the calendar year in which it ends.

HUC2, HUC4, HUC6, HUC8, HUC10, HUC12 are hydrologic unit codes (HUCs) with the numbers
representing the number of digits in the code. HUCs are an addressing system for identifying
catchments in the United States. HUC catchments are nested, with more digits indicating
progressively smaller hydrologic units in terms of the area they cover.
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Climate Change and Future Water Availability in the
United States

By Martha A. Scholl, Gregory J. McCabe, Carolyn G. Olson, and Kathryn A. Powlen

Abstract

The steady rise in global temperature as a result of
human activity is causing changes in Earth’s water cycle. The
balance of water stored within and moving between vapor,
liquid, and frozen states in the water cycle is shifting, with
consequences for water availability that include increases
in drought, fire weather, flooding, and heavy precipitation,
as well as cryosphere decline and sea-level rise. In this
chapter of the U.S. Geological Survey Integrated Water
Availability Assessment—2010-20, we provide an overview
of climate-change observations and projections from
Earth-system model simulations that relate to future water
availability, from global and national climate assessments
and from the published literature. Effects of climate change
on primary water-cycle components are discussed in context
of how global-scale hydroclimate drivers influence regional
processes within the United States. Understanding the
major climate drivers impacting the water cycle is crucial to
predicting future changes in water availability and developing
adaptation strategies to ensure human and ecosystem water
supplies. First, we provide background information on
the water cycle, the climate-model ensemble simulations
developed to produce projections based on warming
scenarios, and attribution and certainty levels. Tipping points,
self-reinforcing feedbacks, cascading effects, and compound
extremes are introduced. The framework of climatic impact
drivers (CIDs) outlined in the Intergovernmental Panel on
Climate Change Sixth Assessment Report (IPCC AR6) is
used to show primary drivers of physical change to the water
cycle and to understand and predict changes in future water
availability. Specific climate-change related observations
and projections are discussed for water cycle components of
precipitation, evapotranspiration, soil moisture, streamflow,
lakes and wetlands, ice and snow, and groundwater, as well
as their implications for future water availability for humans
and ecosystems. The chapter concludes with a synthesis
discussion of three examples of complex regional-scale
hydroclimate processes that influence water availability for
populations in the United States, including (1) mountain and
coastal precipitation, (2) aridification and drought, and (3) the
influence of forest-cover change on terrestrial water-vapor
recycling.

Key Points

The following are the key points of this chapter:

 The steady rise in global temperature as a result of
human activity is causing changes in Earth’s water
cycle. The amount of water stored within and moving
between vapor, liquid and frozen components of the
water cycle is shifting, with significant consequences
for water availability.

* Climatic drivers underlie regional or local changes
in water supply and their socioeconomic impacts.
Threats to the quantity and quality of water available
for humans and ecosystems in North America include
increases in drought, aridification, and fire weather;
heavy precipitation and flooding; cryosphere decline;
rising surface-water temperatures; and saltwater
intrusion in coastal areas.

* An understanding of how changes in the major climatic
drivers impact the water cycle and the accurate
simulation of impacts in hydrological models are
crucial to predicting future water availability and
developing adaptation strategies to ensure human and
ecosystem water supplies.

Introduction

Why We Expect Changes to the Water Cycle

Earth is undergoing fundamental changes in the
atmosphere, cryosphere, biosphere, and oceans as a
result of changes in the climate system driven by human
(anthropogenic) activities. Climatic indicators including land
and ocean temperatures, atmospheric carbon dioxide (CO,),
sea-level rise, and glacier ice loss show that changes have
proceeded beyond the range of natural variability (Chen and
others, 2021). Carbon dioxide and other greenhouse gases (see
“Glossary”) control the global energy balance, changing the
radiative forcing (the balance of incoming and outgoing solar
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radiation) that drives increasing land, ocean, and atmospheric
temperatures. Atmospheric concentrations of these greenhouse
gases have risen steadily, beyond the capacity of the natural
system to absorb them, and global temperatures have risen
concurrently (Chen and others, 2021). This chapter describes
the effects of climate change on the water cycle, with a focus
on how processes occurring across the global system affect
water availability in the United States.

The fresh water on Earth exists in gas, liquid, and solid
(frozen) states, with ice caps and glaciers holding the greatest
proportion, followed by groundwater, surface waters, and the
atmosphere. Despite its small proportion in the global water
budget (fig. 1), atmospheric water has an outsized influence on
climate effects. As the atmosphere warms, its holding capacity
for atmospheric water vapor increases, with concomitant
increases in evaporation, transpiration, and precipitable water.
Water vapor is also a greenhouse gas, so increasing levels
can act to warm the atmosphere and further change Earth’s
energy balance. Ice and snowpack melt rates increase with
atmospheric warming, leading to less frozen water and more
water in liquid and vapor phases (Allan and others, 2020;
Stephens and others, 2020).

Global warming affects water availability directly
through temperature effects on atmospheric moisture, and
indirectly by driving climate change-related hazards. Over
land, warmer air increases evaporative demand and plant
stress during dry periods; the increasing atmospheric moisture
deficit has the potential to cause further drying in arid regions
and more intense droughts. Conversely, over the ocean and
land areas with available water, warmer air drives increases in
atmospheric moisture through evaporation and transpiration
and increases the available potential energy for convective
storms (Chen and others, 2020). This process leads to more
frequent extreme precipitation, with higher intensity and
duration of rainfall creating greater potential for flooding.
Higher air temperatures change the cryosphere, with more
precipitation falling as rain instead of snow, and increased
melting of snowpack, permafrost, and glaciers. All these
processes contribute to higher variability in the seasonal
water cycle for a given region and there is ample evidence
that climate zones have already shifted in many parts of the
world in response to global warming (Beck and others, 2018;
Intergovernmental Panel on Climate Change, 2021d).

Primary U.S. regional impacts from these process
changes include sea-level rise in coastal zones, cryosphere
changes (glacier retreat, permafrost thaw, more winter rain
in place of snow), and aridification. Extremes such as heat
waves, heavy precipitation, droughts, and tropical cyclones
are projected to become more frequent and (or) intense.
These climate shifts may lead to irreversible losses in
cryosphere and freshwater ecosystems, severe water scarcity
for increasing populations, increases in fire weather and
aridity, and intensification of tropical and extratropical storms
(Intergovernmental Panel on Climate Change, 2021d)

Climate Assessments—Summary of Global to
Regional Perspectives

Two recurring governmental report series have become
foundational in documenting observed and projected climate
changes and their potential impacts: (1) the Intergovernmental
Panel on Climate Change (IPCC, see “Glossary”) Assessment
Reports, which summarize findings at the global level; and (2)
the U.S. Global Change Research Program National Climate
Assessment Reports (NCA4, NCAS, etc.; see “Glossary”),
which summarize changes across the United States. These
report series provide an unbiased, rigorous scientific basis for
policymakers to make decisions. The assessments synthesize
published science and rely especially on the Coupled Model
Intercomparison Project (CMIP) results from coordinated
simulations with a suite of Earth-system models to develop
projections of future climate changes and their effects. In this
chapter, we provide an overview of climate-change projections
that relate to future water availability in the United States,
primarily from the IPCC Sixth Assessment Report (IPCC
AR®6), the Fourth and Fifth National Climate Assessment
Reports (NCA4, NCAS, respectively), and from more-recent
publications in the peer-reviewed literature.

The IPCC ARG (Intergovernmental Panel on Climate
Change, 2021b, 2022) was completed during 2021-22 and
incorporated early results from CMIP Phase 6 (CMIP6; Eyring
and others, 2016) as well as previously unassessed results
from CMIP Phase 5 (CMIPS5). The report includes regions
across the globe, with most of the conterminous United
States (CONUS) included in three regions: Western, Central,
and Eastern North America. Alaska is grouped with western
Canada in North-Western North America, Puerto Rico is
within Central America and the Caribbean, and Hawaii is in
the global category Small Islands.

The U.S. Global Change Research Program (USGCRP)
coordinates reporting of the science relating to climate change
and its physical impacts with a focus on the United States.
These assessments, mandated by the Global Change Research
Act of 1990 (Public Law 101-606, 104 Stat. 3096), provide
information to support risk assessments and decisions in
response to climate change. Like the IPCC reports, they do
not make policy recommendations. The NCA4 and NCAS
were published during 2017-18 (U.S. Global Change
Research Program, 2017, 2018) and in 2023 (U.S. Global
Change Research Program, 2023). The NCA reports focus
on climate change in 10 regions: 7 across CONUS and 3
that cover Alaska, Hawaii and U.S. Pacific Islands, and the
U.S. Caribbean. The NCA4 and NCAS each have a chapter
specifically on water.

The CMIP model-simulated projections of the effects
of climate change use standardized climate forcing datasets
and emissions scenarios to generate resultant global warming
and cumulative carbon dioxide levels. Previous scenarios, the
Representative Concentration Pathways (RCPs) in CMIP5,
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have been complemented in CMIP6 by illustrative scenarios
that incorporate Shared Socioeconomic Pathways (SSPs)

with the radiative forcing (see “Glossary”) resulting from the
socioeconomic assumptions about levels of climate-change
mitigation in each scenario in the year 2100. Scenarios start in
2015, and the core set of five scenarios discussed throughout
the [IPCC ARG report include very high and high greenhouse
gas emissions (SSP5-8.5 and SSP3-7.0); intermediate
greenhouse gas emissions (SSP2-4.5); and low and very

low greenhouse gas emissions (SSP1-2.6 and SSP1-1.9; see
“Glossary”). The IPCC ARG report compares the SSPs with
the previous RCPs in terms of radiative forcing and global
surface temperature (Chen and others, 2021, cross chapter box
1.4, table 1, section 1.6.1).

Projections based on model results from the CMIP
scenario simulations and other process-specific model
experiments are published at global and regional scales. The
IPCC incorporates these projections to develop climate-change
assessments under the framework of global warming levels,
CO, concentration levels, total radiative forcing, and the
resultant climate impacts on physical and socioeconomic
sectors. The assessments involve compiling and evaluating
evidence from observations, theory, experiments, statistical
analyses, and model simulations. A degree of certainty
is determined based on the amount of evidence and the
agreement amongst the sources of evidence. Based on this
framework, the climate assessments use assessed facts,
assessed confidence, and assessed likelihood statements
to describe climate change. Attribution of individual
climate-change phenomena to human activities is a separate
evaluation that is key to the climate-change assessments.
Attribution involves compiling observations, forming a
hypothesis about causality, and then creating and carrying
out methods to test the hypothesis. The resulting attribution
assessment is used to inform climate-change projections,
policies, and mitigation actions (see box 1.1, fig. 1, in Chen
and others, 2021, and Cross-working group—Attribution
fig. 1 in Ara Begum and others, 2022). The attribution and
evidence-confidence-likelihood language in this chapter is
taken directly from the international and national climate
assessment reports, unless otherwise noted. We use their
assessments and likelihood statements to communicate the
degree of certainty of climate-change findings related to
hydroclimate processes.

For the United States and its territories, the Water
chapter of the NCA4 report (Lall and others, 2018; U.S.
Global Change Research Program, 2018) highlighted three
main findings of relevance to water availability in the United
States as of 2017—18: (1) Climate-change related changes in
water quantity and quality were evident across the country,
with emphasis on drought, snowpack decline, heavy rainfall,
groundwater depletion, surface water quality decline, and
temperature increases; (2) Deteriorating water infrastructure
was at risk from extreme precipitation and floods, compound
extremes, and the possibility of cascading infrastructure
failure; and (3) Water management under change was

insufficient—planning did not address risk changes over time
and although research existed, implementation was lagging.
Key messages of the NCAS report Water chapter (Payton
and others, 2023) were as follows: (1) Climate change will
continue to cause profound changes to the water cycle, with
threats to water supply including increasing aridity and
drought, declining groundwater levels, and declining snow
cover. Across the nation, more frequent extreme rainfall,
increased evaporation and plant water use, and increased
groundwater demand are expected. Snow cover will decrease
in extent and duration, with melt occurring earlier in the
season. (2) Natural and human systems that adapted to
historical water-cycle patterns cannot adjust quickly to rapid
change, with disproportionate risk falling upon agricultural,
coastal, and disadvantaged urban communities. (3) Adaptation
has been uneven, with infrastructure improvements slow
especially for frontline, Indigenous, and tribal communities
that tend to be unrepresented in decision-making.

In the IPCC-ARG6 report, the highest-confidence
projections of impacts on water availability from climate
change involve increases in mean temperatures, extreme heat,
sea-level rise, and cryosphere decline (decreased spatial extent
and duration of ice and snow). Changes in mean precipitation
are also important but the magnitude and direction of
effects differ across global regions (Intergovernmental
Panel on Climate Change, 2021b). Across North America,
the direction and magnitude of change in the foregoing
components are similar to global patterns, but there is higher
confidence in precipitation-related impacts, especially for
heavy precipitation and floods. The IPCC AR6 Summary for
Policymakers figure SPM.1(b) (Intergovernmental Panel on
Climate Change, 2023) identified important climate-change
impacts that were driven by compound physical factors and
attributed to human influence. These impacts were as follows,
in order of increasing confidence of human influence: (1)
increase in agricultural and ecological drought, (2) increase in
fire weather, (3) increase in compound flooding, (4) increase
in heavy precipitation, (5) increase in glacier retreat, (6) global
sea-level rise, (7) upper ocean acidification, and (8) increase in
hot extremes.

Figure 2 shows the primary risks to freshwater resources
in North America for increasing levels of warming. Risk of
drought, aridification, and changes in snow and ice quantity
and seasonality, especially in the American West and Alaska,
will increase as global mean temperatures increase. The
increased precipitable water in the atmosphere and higher
energy of storms will increase rainfall intensity and duration,
leading to flooding. Water-quality impacts resulting directly
and indirectly from global temperature increases are spread
across many sectors, including sea-level rise and saltwater
intrusion in coastal aquifers, harmful algal blooms in fresh
and saltwater environments, floods causing contamination
of drinking water by increasing microbial pathogens and
turbidity, and brackish-water storm surge in coastal areas.
Later sections of this chapter further address these drivers and
impacts.
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North American freshwater risks

EXPLANATION
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[The ember colour gradient indicates the level of
additional risk to society as a function of global
temperature change. Confidence is provided for the
change of risk level at given temperature ranges.]
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Figure 2.

Freshwater resource risks as a function of global mean surface temperature increase relative to

pre-industrial (1850—1900) levels (reproduced from Hicke and others, 2022, fig. 14.4). Estimated sensitivities are based
on references cited in Hicke and others (2022, table 14.3). Used with permission.

Climatic Impact Drivers

For the Sixth Assessment Report (Intergovernmental
Panel on Climate Change, 2022), a framework outlining
33 climatic impact-drivers (CIDs) was developed. CIDs
are measurable physical climate system conditions with
computable indices (for example, extreme heat, mean
precipitation, fire weather) to recognize thresholds for impact
and to summarize areas of observed and predicted change
to human and natural systems. CIDs include mean states,
episodic events, and extreme events, and can reflect changes
in intensity or magnitude, frequency, duration, timing, and (or)
spatial extent (see “Glossary”). The framework organizes the
33 CIDs into 7 typologies: (1) heat and cold, (2) wet and dry,
(3) wind, (4) snow and ice, (5) coastal, (6) open ocean, and
(7) other. Evidence on the probability of impact or risk driven
by each CID on the following seven sectors was developed
through a review of impact and risk literature: (1) terrestrial
and freshwater ecosystems and their services; (2) oceans and
coastal ecosystems and their services; (3) water; (4) food,
fiber, and other ecosystem products; (5) cities, settlements, and
key infrastructure; (6) health, well-being, and the changing
structure of communities; and (7) poverty, livelihoods, and
sustainable development. The CID framework is meant to
be used to build specific sets of computable indices to use
in regional or sectoral assessments of climate impact, and to
prioritize improvements to Earth-system models that generate
climate-change projections (Ruane and others, 2022).

Differential impacts across ecosystems, sectors, and
geographic regions were shown in Ranasinghe and others
(2021) and Ruane and others (2022). The degree of confidence
in the impacts includes the total volume of evidence as well
as the level of agreement across published literature. For
example, areas listed as “low confidence” may be a result

of less studied topics or spatially heterogeneous impacts
resulting in low evidence agreement, not necessarily low
likelihood of impact. Therefore, moderate and severe impacts
given in Ranasinghe and others (2021) were weighted by
how well-studied the impacts are and the severity of the
impact, with the caveat that assets showing low impact

may simply be less well-studied. Literature summarized

in the IPCC ARG report was inclusive of different models,
baselines, and CID indicators. Motivation for the CID
framework stems from the variable impacts that changes in
climate can have on different systems. Emphasis was placed
on developing an outcome-neutral term rather than one that
implies only negative consequences (for example, hazards;
Ruane and others, 2022). After understanding the potential
context-specific impacts, CIDs can then be understood as
ultimately leading to a risk or benefit to a system (Ruane and
others, 2022). Therefore, CIDs do not directly equate to risk
or vulnerability until taken into consideration with a system’s
level of exposure, degree of sensitivity, and ability to adapt.
Tables of all the CIDs, sectors and assets are available in
Ranasinghe and others (2021).

We synthesized information in Ranasinghe and others
(2021) to designate the water-cycle related CIDs that most
strongly impact sectors related to natural water supply
and human water demand (fig. 3). Our analysis examined
sectoral assets by the number of climate-impact drivers they
are affected by, then combined selected sectors and assets
in the original report into atmospheric, natural terrestrial,
and anthropogenic terrestrial water cycle components. This
evaluation indicates that increased mean temperature, extreme
heat, and precipitation extremes (drought and flood) are
prevalent drivers of change affecting each sector. Other drivers
affecting multiple water cycle components are cryosphere and
sea-level related (fig. 3).
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Introduction

To show regional climatic impacts, table | lists selected
climate-change processes and figure 4 shows primary
projected water-cycle changes and the confidence associated
with projections of change across North American climate
regions. These processes are compiled from Hicke and others
(2022, table 14.3, reproduced here as table 1), the IPCC AR6
WG-I Technical Summary (Arias and others, 2021), and the
Water Cycle Components sections of this chapter. References
in table 1 can be consulted for more detail on these regional
impacts and projections for intermediate-to-high emission
scenarios and changes that have already emerged, are likely
to emerge by 2050 in high-emission scenarios, or are likely to
emerge during 2050-2100 in high-emission scenarios.

The CID framework supported the IPCC AR6 central
themes of risk and adaptation solutions (Ara Begum and
others, 2022). Risk involves the potential for adverse
consequences (see “Glossary”) whereas adaptation is how a
system responds to observed or expected change to reduce
risk or harm (see “Glossary”; Reisinger and others, 2020).
AR6 Working Group II (Intergovernmental Panel on Climate
Change, 2022) identified more than 120 key climate risks
through literature review, climate-model results, and expert
judgement (see Oppenheimer and others, 2014). Potentially
severe risks were identified by assessing the magnitude of
consequences, likelihood of adverse impacts, and the ability
of society and ecosystems to respond. The magnitude of
consequences entails consideration of the irreversibility
of consequences, potential for reaching a tipping point,
and potential for cascading effects (see sidebar 1). These
potentially severe risks were then clustered into eight
representative key risks summarized in O'Neill and others
(2022): (1) risk to low lying areas; (2) risk to terrestrial and
ocean ecosystems; (3) risk associated with critical physical

infrastructure, networks and services; (4) risk to living
standards; (5) risk to human health; (6) risk to food security;
(7) risk to water security; and (8) risk to peace and human
mobility.

The IPCC ARG report highlights water security as a key
concern, stating that water security is a “potentially severe
risk because climate change could impact the hydrologic cycle
in ways that would lead to substantial consequences for the
health, livelihoods, property and cultures of large numbers
of people” (O'Neill and others, 2022, p. 2463). Dimensions
of water security include water scarcity risks, water-related
hazards, and impacts on Indigenous and traditional cultures
and ways of life. Altered regional patterns of precipitation
and increased evapotranspiration are expected to change
the quantity and timing of the available water supply. An
estimated 1.6 billion people experience water scarcity
globally (Gosling and Arnell, 2013), with estimates rising to
3 billion people at a 2-degree Celsius (°C) increase in global
temperature, and 4 billion people at a 4 °C increase (O'Neill
and others, 2022). As many as 2 billion people lack access
to safely managed drinking water and as many as 3.6 billion
people lack access to safely managed sanitation globally
(UNESCO, 2023). Additionally, an increase in extreme
precipitation events is expected to lead to greater flood risk,
increasing the estimated 50 million people impacted by floods
annually (Alfieri and others, 2017) to 150 million people with
a 2 °C increase and more than 300 million people at a 4 °C
increase (O'Neill and others, 2022). In addition to the increase
in the total population affected, these changes will likely have
substantial food security and financial implications, as well as
impacts on livelihood choices and overall well-being.
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Table 1.

Selected projected water resource impacts in North America.

[From Hicke and others, 2022, table 14.3 (Hicke and others, 2022, section 14.5.3.2). Examples of future risks and impacts: HAB, harmful algal bloom.
Location: North American Subregions CA-AT, Canada Atlantic; CA-BC, Canada British Columbia; CA-ON, Canada Ontario; CA-PR, Canada Prairies; CA-QC,
Canada Quebec; US-MW, U.S. Midwest; US-NP, U.S. Northern Great Plains; US-NW, U.S. Northwest; US-SE, U.S. Southeast; US-SP, U.S. Southern Great
Plains; US-SW, U.S. Southwest; MX-CE, Mexico Centre; MX-N, Mexico North; MX-NE, Mexico Northeast; MX-NW, Mexico Northwest; MX-SE, Mexico
Southeast. Used with permission]

Climate drivers and

Examples of future

. . Location References
processes risks and impacts
Warming-induced Projected decreases in annual and US-NW, US-SW, Jost and others, 2012; Solander and others,
reductions in late-summer streamflow from CA-BC, CA-PR 2018; Bonsal and others, 2019; Milly and
mountain Snow high-elevation reaches of snow-fed rivers, Dunne, 2020
and glacial mass affecting stream ecology and water supplies
(high confidence)
Earlier seasonal Greater winter and early spring flooding US-NW, US-SW, Cohen and others, 2015; Dettinger and
snowmelt runoff risks and reduced summer surface water CA-BC, CA-PR others, 2015; Bonsal and others, 2019,
availability, intensifying seasonal mismatch 2020; River Management Joint Operating
with water demands (high confidence); Committee [RMJOC], 2020; Bureau of
increased challenges for balancing Reclamation, 2021
multi-purpose reservoir objectives (for
example, flood management, water supply,
ecological protection, and hydropower)
(high confidence)
Earlier seasonal Possible reductions in water supply security US-SW Medellin-Azuara and others, 2015; Ullrich
snowmelt runoff (medium confidence); reduced viability and others, 2018; Bai and others, 2020;
of some small-scale irrigation systems Milly and Dunne, 2020; Ray and others,
(medium confidence) 2020; Bureau of Reclamation, 2021
Changes in seasonal ~ Impacts on electric power generation (medium US-SW, US-NW, Haguma and others, 2014; Bartos and
timing and (or) confidence), varying by location and type CA-QC Chester, 2015; Guay and others,
total annual runoff of generation 2015; Turner and others, 2019;
River Management Joint Operating
Committee [RMJOC], 2020; Bureau of
Reclamation, 2021
Changes in seasonal ~ Impacts on urban water supplies CA-QC Foulon and Rousseau, 2018
timing and (or)
total annual runoff
Warming-related Greater pressures on groundwater resources, US-SW, US-SP, Bauer and others, 2015; Molina-Navarro and
increased possible increased aquifer depletion, US-SE, MX-N, others, 2016; Russo and Lall, 2017; Brown
imbalance reduced base flow into surface streams MX-NW and others, 2019; Nielsen-Gammon and
between renewable and reduced long-term water supply others, 2020; Bureau of Reclamation, 2021
surface-water sustainability (medium confidence)
supplies and
consumptive water
demands
Warming-related Reduced water availability for human uses Widespread, Dibike and others, 2016; Prein and
drought and ecological functioning (medium to high especially others, 2016a; Lall and others, 2018;
amplification confidence), varying by location; increased US-SW, US-NP, Paredes-Tavares and others, 2018; Tam
evaporative losses from reservoirs US-SP, CA-PR, and others, 2018; Martinez-Austria and
MX-NW, MX-N others, 2019; Martin and others, 2020;

Milly and Dunne, 2020; Overpeck and
Udall, 2020; Williams and others, 2020;
Bureau of Reclamation, 2021
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Table 1. Selected projected water resource impacts in North America.—Continued

[From Hicke and others, 2022, table 14.3 (Hicke and others, 2022, section 14.5.3.2). Examples of future risks and impacts: HAB, harmful algal bloom.
Location: North American Subregions CA-AT, Canada Atlantic; CA-BC, Canada British Columbia; CA-ON, Canada Ontario; CA-PR, Canada Prairies; CA-QC,
Canada Quebec; US-MW, U.S. Midwest; US-NP, U.S. Northern Great Plains; US-NW, U.S. Northwest; US-SE, U.S. Southeast; US-SP, U.S. Southern Great
Plains; US-SW, U.S. Southwest; MX-CE, Mexico Centre; MX-N, Mexico North; MX-NE, Mexico Northeast; MX-NW, Mexico Northwest; MX-SE, Mexico
Southeast. Used with permission]

Climate drivers and Examples of future .
- . Location References
processes risks and impacts
Heavier and (or) Flooding, infrastructure and property damage = Widespread, Feng and others, 2016; Prein and others,
prolonged rainfall (medium to high confidence), varying by especially 2016b, 2017; Emanuel, 2017; Haer and
events location; increased erosion and debris flows US-SE, US-NE, others, 2018; Kossin, 2018; Curry and
with impacts on public safety, reservoir US-NP, US-SP, others, 2019; Wobus and others, 2019;
sedimentation, and stream ecology (hazards US-SW, CA-BC, Concha Larrauri and Lall, 2020; Ball and
amplified in watersheds affected by MX-CE, MX-NE, others, 2021
wildfires) MX-SE
Heavier and (or) Water quality impairment, increasing HAB Alam and others, 2017; Chapra and others,
. . . US-MW, US-NE, .
prolonged rainfall events due to increased sediment and US-SE. US-NP 2017; Sinha and others, 2017; Ballard and
events nutrient loading together with warming; US- SP’ CA- ON’ others, 2019
greatest impacts in humid areas with ? >
. . ) . CA-AT, MX-NE,
extensive agriculture (medium to high
. . MX-NW
confidence) varying by location
Increasingly variable Highly variable precipitation poses challenges Gershunov and others, 2019; Huang and
precipitation for water management, worsening water others, 2020
supply and flooding risks; atmospheric river US-SW, US-NW,
events are projected to increase variability CA-BC
by dominating future North American west
coast precipitation (medium confidence)
Hotter summer Evapqratlve logses from Teservoirs are US-SW, US-NW, Bureau of Reclamation, 2021
season projected to increase significantly (very US-NP

high confidence)
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How Climate Drivers Impact Water Availability in the United States
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Figure 4. Primary water-availability impacts across the United States organized by climatic impact driver (CID) category. Bars by
region on map represent confidence in projected changes in CIDs for mid-21st century under scenarios approximately corresponding
to global warming levels of 2-2.4 degrees Celsius (°C), with no bars indicating not broadly relevant for the region, and one, two

and three bars indicating low confidence, medium confidence, and high confidence, respectively. Information is synthesized from
literature cited in this chapter, Ranasinghe and others (2021, tables 12.8 and 12.9), and table 1 (from Hicke and others, 2022, table 14.3).
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Sidebar 1. Amplifying Feedbacks, Tipping Points, and
Potential for Abrupt Change

limate-sensitive elements in the Earth system can

reach critical thresholds, referred to as tipping points,

beyond which the system reorganizes to a new set
of conditions with substantial, widespread impacts (Lenton
and others, 2008; Kopp and others, 2016; Intergovernmental
Panel on Climate Change, 2021b; Armstrong McKay and
others, 2022). Abrupt changes in the water cycle, on regional
to global scales, may follow after tipping point thresholds
are reached. The crossing of tipping-point thresholds (in
most cases, for temperature) is projected to generate regime
shifts—abrupt, large, critical transitions in the function of
natural systems that have wide socioeconomic impacts,
are difficult to predict, and may be irreversible (Rocha and
others, 2018). In some cases, the shift may occur rapidly,
but it could also take decades, centuries, or even millennia
to complete (Kopp and others, 2017). Scientists identify
possible tipping elements in atmosphere-ocean circulation,
the cryosphere, the carbon cycle, and ecosystems through a
combination of physical models, paleoclimate models, and
expert analysis (Kopp and others, 2017). Table S1.1 lists
critical tipping points associated with the water cycle; some
are discussed further in other sections of this chapter.

Cascading effects of change, compounding of extreme

events, and self-reinforcing or amplifying feedbacks between
indirectly related climate elements may also cause changes

in the water cycle. An example of a system of cascading
effects is shown in figure S1.1, showing how climate-change
driven sea-level rise impacts physical-environment and
socioeconomic systems. Compound extremes are multiple
events that occur either simultaneously or in rapid
succession, for example increased frequency of paired
extremes such as droughts and intense rainfall, or drought
and extreme heat waves, or extremes existing over greater
spatial or temporal scales such as drought in several major
agricultural regions in the world or lasting for multiple
decades. Self-reinforcing cycles produce change at rates or
to an extent not predicted, for example, in the summer the
Arctic Ocean has shifted from generally ice-covered to a state
of nearly ice-free. Modeling has generally underestimated
the rate of Arctic sea ice loss because of insufficient positive
feedback in existing models.

The Technical Summary of IPCC AR6 (Section
TS.3.2.2; Arias and others, 2021) states the following:
“There is potential for abrupt water cycle changes in some
high emissions scenarios, but there is no overall consistency
regarding the magnitude and timing of such changes. Positive
land surface feedbacks, including vegetation, dust, and snow,
can contribute to abrupt changes in aridity, but there is only
low confidence that such changes will occur during the 21st
century. Continued Amazon deforestation, combined with a

Climate change ——— p» Other climate-related drivers

(For example, ocean warming,
acidification and deoxygenation)

Global and regional mean sea level rise

Sea level hazards Coastal hazards

* Local mean sea level risel » Submergence of land

* Enhanced flooding
* Local extreme sea level rise

Non-climate anthropogenic drivers

« Settlement patterns, loss of Indigenous
knowledge and local knowledge, low
risk perception, etc.

¢ Human-induced ecosystem degradation
due to changes in catchment connect-
ivity, mass flows (water, sediment,
nutrients) as well as coastal squeeze

.

¢ Impeded drainage

* Erosion of land and beaches

« Salinisation of soils, ground-
water and surface waters

* Loss of and change in marine
and coastal ecosystems

N

Direct impacts

Loss of: Damage to:
Land and  Coastal and marine  People The built Human
land uses  ecosystem services environment  activities

)

Figure S1.1.

Overview of the main cascading effects of sea-level rise. From Oppenheimer and others (2022, fig. 4.13).
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Sidebar 1. Amplifying Feedbacks, Tipping Points, and

Potential for Abrupt Change—Continued

Table S1.1.

Examples of climate tipping elements relevant to the water cycle, their drivers, possible self-amplifying feedbacks,
and impacts of crossing the tipping point into a new regime.

[Abbreviations: CHs, methane; CO:, carbon dioxide; GHG, greenhouse gas; N0, nitrous oxide; °C, degrees Celsius]

Water-cycle related climate
tipping elements
(established or potential)

Drivers

Possible feedbacks or
compounding factors

Impacts

Permafrost thaw or collapse Heat

Mountain glacier melting Heat

and loss

Temperate forest loss Heat stress, drought,
extreme weather,
wildfire, insect

outbreak

Coastal aquifers and Sea-level rise

ecosystems

Aridification in Western United
States

Heat, drought, rainfall
variability, dust
aerosol feedbacks

Boreal forest dieback, migration Heat, drought stress

Weakening or collapse of
the Atlantic Meridional
Overturning Circulation
(AMOC)

Ocean temperature

Self-perpetuating thaw—short-term
by internal heat production, longer-

term by increases in GHG emissions.

Exposed land absorbs heat —
increases melting rates.

Reduced forest cover — increasing
soil moisture deficits — greater
local warming — less downwind
precipitation.

Stronger oceanic storms — storm
surge farther inland — accelerated
erosion, groundwater salinization.

Vegetation loss — increased dust —
increased rain suppression.

More trees — decreased water
availability — greater tree mortality.

Weakening likely, abrupt collapse
uncertain® but very likely to cause
major impacts.

Human infrastructure damage,
increased COz, N2O, and CHs GHG
emissions, ecosystem shifts.

Decrease or loss of glacial melt
water supply; glacial lakes increase.

Forest conversion to shrub- or
grassland, aridification, loss

of economic and recreational
resource, loss of carbon sink,' local
temperatures can increase by 0.3 °C
-2 °C.

Impaired or lost fresh groundwater
supply, lost beach recreation, loss
of tidal wetlands, coastal flooding,
fisheries decline.

Ecosystem loss, increased
groundwater depletion, wildfire.

Loss of forest in south, forest
encroachment on tundra in north.

Cooling in Northern Hemisphere,
changes to the global water cycle
and energy balance.

"Parmesan and others, 2023.

Climate Change, 2023, BOX SPM.1.

2 “There is medium confidence that the Atlantic Meridional Overturning Circulation will not collapse abruptly before 2100, but if it were to occur, it
would very likely cause abrupt shifts in regional weather patterns, and large impacts on ecosystems and human activities.”—Intergovernmental Panel on

warming climate, raises the probability that this ecosystem
will cross a tipping point into a dry state during the 21st
century (low confidence).” Temperature thresholds for tipping
(that is, tipping points) are a subject of ongoing research and
the most recent values are available in the current literature or
the IPCC reports (Kopp and others, 2017; Lenton and others,
2019, 2023; Barnard and others, 2021). Ripple and others
(2023) reported that there is high uncertainty regarding key
tipping point feedback loops, including ocean circulation and
large-scale losses of ice sheets, permafrost, and forests.
Climate intersects with much of the water cycle, and
climate-change related events (including floods, droughts,
wildfire, and snowpack depth) interact with systems such
as energy, agriculture, and the financial sector. These

intersections lead to complex behavior and outcomes that
are difficult to predict. The complexity of feedbacks and
socioeconomic factors are such that tools and frameworks to
determine how human systems interact with Earth systems
still work around large gaps in understanding. Importantly,
self-reinforcing cycles within climate systems have the
potential to accelerate human-induced climate change or

its effects. Compound extreme events, abrupt changes, and
non-reversing changes may cause future scenarios that have
not been simulated with Earth-system models. For example,
a recent reassessment of nine global climate tipping points
indicates that global warming greater than 1.5-degree Celsius
increases the risk of triggering multiple tipping points
(Armstrong McKay and others, 2022).
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Climate-Change Impacts on
Water-Cycle Components

Precipitation—Amount, Frequency, and
Intensity

Precipitation is the water-cycle process that transfers
atmospheric water in vapor phase to the land or ocean
surface in liquid or frozen phases, and the rates and
modes of this transfer are increasingly impacted by
global warming. Precipitation primarily includes rain and
snow; snow processes are discussed in more detail in the
“Cryosphere—Ice and Snow” section of this chapter.

Observations

Annual precipitation since the beginning of the 20th
century increased across much of the Northern and Eastern
United States and decreased across most of the Southern and
Western United States (Walsh and others, 2015; Easterling
and others, 2017; Hayhoe and others, 2018). Seasonally,
increases in U.S. precipitation have been largest for the fall
season (about 10 percent) whereas there have been only small
increases for the winter season (about 2 percent), with drying
over much of the Western United States and parts of the
Southeast (Easterling and others, 2017). For the spring season,
the northern CONUS has become wetter, and the southern
CONUS has become drier. For the summer season, there has
been a mixture of increases and decreases in precipitation
across the CONUS. Additionally, annual precipitation in
Alaska indicates little change (about a 1.5 percent increase);
however, for all seasons, precipitation in central Alaska has
decreased whereas precipitation in the Alaska panhandle has
increased (Easterling and others, 2017). Annual precipitation
in Hawaii decreased by more than 15 percent during
1901-2015 (Easterling and others, 2017).

Bindoff and others (2013) suggested that anthropogenic
effects contributed to intensification of heavy precipitation
over land regions globally. Consistent with this projection, the
frequency and intensity of heavy precipitation events across
the United States have increased (Easterling and others, 2017;
Hayhoe and others, 2018; Kirchmeier-Young and Zhang,
2020). The largest changes in precipitation extremes have
occurred in the northeastern and midwestern CONUS, where
the amount of precipitation falling in the heaviest events has
increased by 30 to more than 40 percent (Wang, Feng, and
others, 2012; Vose and others, 2014; Perlwitz and others,
2017; Hayhoe and others, 2018). Additionally, a significant
increase in the area affected by extreme precipitation in North
America also has been observed (Dittus and others, 2015).

Future Water Availability

Changes in precipitation patterns are expected in
association with increased atmospheric temperature.
Climate-model projections of future precipitation indicate
substantial increases in winter and spring precipitation for the
Northern Great Plains, the Upper Midwest, and the Northeast
(Easterling and others, 2017). Additionally, observed increases
in the frequency and intensity of extreme precipitation
events across most of the CONUS are projected to continue
(Easterling and others, 2017; Prein and others, 2017;
Steinschneider and Najibi, 2022).

Observed and projected increases in precipitation across
the northern CONUS are due, in part, to the influence of
global warming on atmospheric dynamics that results in a
poleward expansion of the tropics and a northward shift in
winter storm tracks in the Northern Hemisphere (Wang, Feng,
and others, 2012; Collins and others, 2014; Vose and others,
2014; Easterling and others, 2017; Perlwitz and others, 2017;
Hayhoe and others, 2018). Because of these shifts in the
tropics and the position of winter storm tracks, high-latitude
regions are generally projected to become wetter whereas
areas in the subtropics (for example, from about latitude 23 to
35 degrees north) are projected to become drier.

Atmospheric rivers are narrow bands of concentrated
atmospheric moisture that contribute about 30—40 percent of
the precipitation including snow along the West Coast of the
United States. Although they are not as important to the water
supply in the Eastern United States, atmospheric rivers can be
a flood hazard for both the West and East Coasts of the United
States (Ralph and others, 2020). As global warming continues,
the frequency and severity of atmospheric river precipitation
events are likely to increase because of increasing evaporation
and higher atmospheric water-vapor content and transport
capacity (Dettinger, 2011; Gao and others, 2015; Wehner and
others, 2017; Hayhoe and others, 2018). The potential for
stronger tropical cyclones (that is, hurricanes and typhoons)
is expected to increase (Bindoff and others, 2013; Camargo,
2013; Walsh and others, 2015; Wehner and others, 2018);
however, the total number of tropical storms is generally
projected to remain unchanged or even decrease. The
most extreme storms are generally projected to increase in
frequency, and the amount of precipitation associated with a
given storm also is projected to increase (Knutson and others,
2015; Gutmann and others, 2018).

Observed increases in the frequency and intensity of
extreme precipitation events across most of the CONUS are
projected to continue (Easterling and others, 2017; Prein and
others, 2017; Intergovernmental Panel on Climate Change,
2021d; Steinschneider and Najibi, 2022). How these projected
increases in precipitation affect future water availability will
depend on additional factors such as the effects of increased
evapotranspiration on water availability. For example,
in a study of projected future hydro-climatic conditions
from 214 climate-model simulations for 374 National Park
Service parks, Battaglin and others (2020) reported that even
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though precipitation is projected to increase for most parks,
streamflow is projected to decrease in the parks because of
temperature-driven increases in future evapotranspiration.
Furthermore, the degree to which heavier precipitation
results in increased streamflow (and possibly flooding)
depends on the geomorphology of a river basin, the land
cover and land use in the basin, the extent and duration of
extreme precipitation, and how saturated the soil is before
the precipitation event (Intergovernmental Panel on Climate
Change, 2021b).

Evapotranspiration and Soil Moisture

Evapotranspiration is the combined total flux of
evaporation and transpiration, processes that transfer terrestrial
water as water vapor to the atmosphere, driven by thermal
energy from the sun. As with precipitation, rates and spatial
distribution of this process are impacted by global warming.
Evaporation occurs from surface water bodies, bare soil,
impervious surfaces, snow (as sublimation), and precipitation
retained on vegetation (canopy interception). Transpiration
is regulated by plants that move water from the soil rooting
zone and release it to the atmosphere by evaporation from
leaves. Transpiration declines during the winter, especially in
deciduous systems, and is regulated by the availability of soil
moisture. Soil moisture content at any time is a function of
supply (precipitation, snowmelt, or irrigation) and atmospheric
demand that drives evapotranspiration. Soil moisture factors
into several indices for agricultural and ecological drought.

Evapotranspiration

Evapotranspiration is expressed as potential
evapotranspiration (PET) and actual evapotranspiration
(AET); both are useful indices, depending on context. PET
is synonymous with atmospheric evaporative demand and
is determined by how much water the atmosphere will hold
at saturation at the specified conditions of temperature,
insolation, and wind (see “Glossary”). AET is determined by
availability of soil moisture and surface water to evaporate
and is moderated partly by vegetation. Water-vapor holding
capacity of the atmosphere increases by approximately
7 percent for each 1 °C increase in atmospheric temperature.
Warmer temperatures increase evapotranspiration (Wehner
and others, 2017), and although PET and AET rates may
be similar in humid climates, they differ in arid regions
where AET is low because of limited exposed surface water,
lower soil moisture content, and sparse vegetative cover.
Evapotranspiration rates (AET) for water assessments are
currently obtained from ensemble methods using water
balance, flux tower, and remote sensing measurements (Reitz
and others, 2023) or from models that integrate satellite
observations and climate variables in an energy balance
for the land surface (Melton and others, 2021; Senay and
others, 2022).

Observations

Globally, total water-vapor content in the atmosphere
has increased since the 1980s, and near-surface specific
humidity has increased over the ocean (likely) and land (very
likely) since at least the 1970s, with a detectable human
influence (Arias and others, 2021). Irrigation increases total
evapotranspiration and thus the total amount of water vapor
in the atmosphere; this process alters the energy balance,
reducing growing-season surface temperatures regionally
by about 1-3 °C (McDermid and others, 2023). Agricultural
intensification with irrigation can also suppress local rainfall
and enhance downwind precipitation (Bonfils and Lobell,
2007; Mueller and others, 2015; Pei and others, 2016; Alter
and others, 2018; Zhou and others, 2019; Chen and Dirmeyer,
2020; McDermid and others, 2023). Using satellite-derived
vegetation growth indices, meteorological data, and water
availability indices in the Northern Hemisphere, Jiao and
others (2021) reported an increasing trend in water deficits
and increasing vegetation susceptibility to drought over the
period 1982-2015. Several studies suggest that increasing
water constraints on vegetation could offset the carbon sink of
increased vegetation growth expected from rising temperatures
and CO, (Yuan and others, 2019; Jiao and others, 2021;
McDermid and others, 2023).

Future Water Availability

Projections indicate with virtual certainty that
evaporation will increase over the ocean and very likely
over land (variable by region) with future surface warming
(Arias and others, 2021). Overall, in areas where rainfall and
vegetation growth increase, increased evapotranspiration
will result in dampening regional warming (Jia and others,
2022). Global evapotranspiration increased from the early
1980s to 2000s, but model projections indicated constraints
on further increases due to low soil moisture availability along
with rising CO, limiting stomatal opening and thus reducing
transpiration (Jiao and others, 2021; Jia and others, 2022;
Lesk and others, 2022). However, the effects of compound
extremes of heat, drought and excess moisture on crops are
poorly understood and adaptation strategies require better
simulations of plant-soil-atmosphere systems (Lesk and
others, 2022). In the Western United States, where shallow
groundwater often supplies phreatophyte transpiration
(Garcia and others, 2015), increased evaporative demand
may decrease groundwater storage and stream base flow and
reduce recharge (Condon and others, 2020). Warming-driven
increases in evapotranspiration in the Eastern United States are
projected to drive greater decreases in shallow groundwater
storage relative to the already water-limited Western United
States (Condon and others, 2020). Mankin and others (2019)
evaluated precipitation partitioning to evapotranspiration,
runoff, and storage in 16 Earth-system models and reported
that runoff was reduced over large regions because of
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vegetation response to increasing temperatures and CO, levels.
They concluded that the role of terrestrial vegetation in future
regional freshwater availability is currently unresolved.

Soil Moisture

Soil moisture is monitored closely for agriculture as an
important indicator of drought conditions. The U.S. Drought
Monitor (USDM; Svoboda and others, 2002) provides weekly
information about drought across the United States. An
important component of the USDM is the Palmer Drought
Severity Index (PDSI), a locally normalized index of soil
moisture availability calculated from moisture supply
(precipitation) and demand (evapotranspiration). It is reported
in the National Integrated Drought Information System
(2023) and is also used as a target variable for proxy-based
reconstructions of soil moisture. The Evaporative Stress Index
(ESI) describes anomalies in evapotranspiration relative to
a reference ratio (Anderson and others, 2016). ESI agrees
well with the drought severity classification in the USDM
archive and serves as an early indicator during flash drought
events (Anderson and others, 2011; Otkin and others, 2013,
2014). Earth-observing satellites deliver spatially explicit
information on precipitation, plant-available soil moisture, and
evapotranspiration, depending on land cover and land use and
can provide early signals of water-stressed vegetation.

Observations

There is high confidence in human influence
on surface-soil moisture deficits from increased
evapotranspiration caused by higher temperatures (Wehner
and others, 2017). The average temperature over the United
States for the period 2006—15 was 1.53 °C higher than for the
period 1850-1900, and 0.66 °C higher than the equivalent
global mean temperature change. These warmer temperatures
(with changing precipitation patterns) have altered the start
and end of growing seasons, contributed to regional crop yield
reductions, reduced freshwater availability, placed biodiversity
under further stress, and increased tree mortality (high
confidence; Jia and others, 2022). Soil moisture is affected by
evapotranspiration and precipitation and controlled by canopy
density and plant rooting, with complex feedbacks between
soil-plant systems and the atmosphere. There is medium
confidence in evidence indicating that soil moisture conditions
influence frequency and magnitude of extremes such as
drought and heat waves (Jia and others, 2022).

Dry soil conditions generally favor or strengthen summer
heatwave conditions through reduced evapotranspiration and
increased sensible heat. By contrast, wet soil conditions from
irrigation or crop management practices that maintain a cover
crop all year round can dampen extreme warm events through
increased evapotranspiration and reduced sensible heat. Early
plant activity in a warm spring may deplete soil moisture
and amplify summer heating, as a lagged effect (Hibbard
and others, 2017). A suite of complementary remotely

sensed moisture and vegetation-health indicators (such as
evapotranspiration, vegetation indices, and precipitation
anomalies) has been shown to benefit climate vulnerability
assessments and drought preparedness (Anderson and
others, 2011; Otkin and others, 2013, 2014; Anderson and
others, 2016).

Point-based ground measurements differ from
satellite-derived soil moisture (Ford and others, 2016; Yuan
and Quiring, 2016) because satellite measurements are
limited to the top few centimeters of soil whereas point-based
measurements from sensors at various depths at one sample
location usually span at least 1 meter in depth. Large-scale soil
moisture measurements are rarely compared to soil moisture
simulated by climate models, and these are not available
for periods longer than that of the satellite record, so trends
in soil moisture with warming require models, or indices
that are estimated from more widely measured data such as
temperature and precipitation (Cook and others, 2014).

Future Water Availability

Increased sensitivity of atmospheric response to land
cover and land use may have more impact on climate in the
future than today (Jia and others, 2022). As evapotranspiration
increases with temperature, future decreases in surface (top
10 centimeters) soil moisture over most of the United States
are likely as the climate warms. Nearly all CMIP5 ensemble
model simulations indicated U.S. surface soil moisture drying
at the end of the century under the higher emissions scenario
(RCPS8.5; Wehner and others, 2017). However, few CMIP5
land models include detailed ecological representations of
evapotranspiration processes thus causing the soil moisture
budgets to be poorly constrained and projections have high
uncertainty in the magnitude of the change in soil moisture
at all depths and all regions and seasons. A comparison of
CMIP6 model simulations of shallow and deep soil moisture
to reanalysis data indicated reasonable agreement in most
regions of the world, but there were considerable discrepancies
at high elevation and high latitudes because of the inability of
models to adequately simulate freeze-thaw processes (Qiao
and others, 2022).

Streamflow—Processes and Extremes

Stream and river flows (also referred to as runoff in some
models) supply surface water for human and ecological needs
across the United States. Streamflow is affected by the balance
between natural precipitation supply and evapotranspiration
demand in different regions (chap. B, Gorski and others,
2025; chap. F, Stets and others, 2025b) as well as water
consumption and return flows related to drinking water,
agriculture, industry, and electricity (chap. D, Medalie and
others, 2025). This chapter primarily describes observed
and projected climate-change findings based on streamflow
minimally affected by human water management. Streamflow
is monitored across the United States with a network of
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streamgages, mostly operated by the U.S. Geological Survey
(USGS) and to a lesser extent by other agencies. The network
delivers gage height and stream discharge data at 15- to
60-minute resolutions, often aggregated to daily values for
annual reporting (U.S. Geological Survey, 2024).

Observations

Long-term records of streamflow allow computation of
flow statistics and determination of trends and extremes to
quantify droughts and floods. Network observations indicate
that streamflow trends show high variability across the
CONUS because of the range of variables that can influence
streamflow timing and amount, including precipitation,
snowmelt, temperature, land use and land cover, water
withdrawal patterns, and channel characteristics (Dethier
and others, 2020; Douville and others, 2021). Additionally,
streamflow can be impacted by warming and drying regional
climate causing an increase in groundwater withdrawals
leading to streamflow capture.

Previous research indicated spatial and temporal
variability in streamflow trends including daily streamflow
quantities, frequency of extreme high- or low-flow events,
and base-flow patterns. McCabe and Wolock (2002) examined
daily streamflow at 400 sites during 1941-99 and reported
an increase in annual minimum and median daily streamflow
and less significant patterns in changes in annual maximum
daily streamflow, with changes largely clustered in the
Northeast. A more recent study assessing the frequency of
extreme streamflow using mean daily discharge records at
541 streamgages indicated spatial and interannual variability
in high- and low-flow events across the United States and
Canada over the past 60 years (Dethier and others, 2020).

The study reported a strong association between increased
frequency of high-flow events and snowmelt-dominated
hydro-regions, specifically the Pacific Northwest, Appalachian
Mountains, Northeast and Upper Midwest, Rocky Mountain
highlands, Rocky Mountains, and Midwest (Dethier and
others, 2020). Using 30-year base-flow records at more than
3,200 streamgages, Ayers and others (2022) noted patterns

of decreasing base-flow trends in the Southern United States,
with decreases in the Southwest observed throughout the

year and decreases in the Southeast most often occurring

in spring. Increasing base-flow trends were observed in the
Northeast, the Pacific Northwest, and the Midwest, associated
with precipitation trends and with temperature (Ayers and
others, 2022). There is high confidence that the timing of peak
flows has shifted because of a warming climate impacting
total snowfall volume and timing of melting on a global scale
(Douville and others, 2021). Although streamflow generally
reflects precipitation or snowmelt processes, sidebar 2 explains
how quantifying trends and extremes in streamflow, and
attributing them to climate change, requires long-term records.

Extreme precipitation events can lead to flooding,
with impacts on human infrastructure, water quality, and
ecosystems. Slater and Villarini (2016) analyzed daily

discharge values during 1965-2015 at 526 USGS streamgage
sites across the country and reported that, on average, river
floods (see “Glossary”) became larger in the Northeast and
Northern Plains of the United States, and more frequent

in the Northeast, Northwest, and Northern Plains during
1965-2015. Decreases in flood magnitude were generally
observed in the Western United States, Southern Plains, and
northern Minnesota. Mallakpour and Villarini (2015) used
daily records from 774 streamgages to examine patterns in
flooding magnitude and frequency across the Central United
States. Although there were no significant trends in magnitude
of recorded flood peaks, there were trends of decreased flood
frequency in the northeast and southwest of the Central United
States, and increased flood frequency elsewhere in the region.
Collins and others (2022) examined the 10 largest floods

over 50 years (1966-2015) at 496 streamgages across the
CONUS to determine whether the occurrence of high-impact
floods was increasing in response to climate change. Analysis
of expected and observed large floods pooled over regional
streamgage clusters defined by McCabe and Wolock (2014)
yielded a complex picture with no clear increase or decrease in
the frequency of large floods over the period.

Links between increased rainfall, streamflow, and
flooding are not straightforward (fig. 5). There are several
interactions between increased precipitation intensity,
increased capacity of the soil to accept sustained rainfall,
antecedent base-flow conditions (Sharma and others, 2018;
Berghuijs and Slater, 2023), and regional variation. Overall,
however, increases in the magnitude of extreme events
because of climate change will increase flood severity in areas
where flooding occurs.

Future Water Availability

Given the range of variables that can influence
streamflow patterns, there is a high degree of uncertainty
in streamflow projections. Additionally, previous research
has indicated that streamflow changes often occur in
unpredictable and abrupt shifts, rather than more consistent
trends (McCabe and Wolock, 2002). Expected changes in
streamflow have been linked to extreme precipitation events,
aridity, temperature, and changes in snow melt (Brunner
and others, 2020; Douville and others, 2021; Hammond
and others, 2022). The likelihood of high-flow events will
increase along with short-duration extreme precipitation
events, and will be moderated by surrounding land cover,
and water withdrawal and management approaches (Douville
and others, 2021). Greater high-flow events will in turn
increase risks of flooding, pressure on existing infrastructure,
and threats to social and ecological systems.

Streamflow drought and deficit have been found to be
associated with aridity (Hammond and others, 2022). Thus,
as the Western United States faces increasing aridification,
streamflow may experience greater deficits. Additionally,
as temperature increases shift the timing of snowmelt,
snowmelt-influenced regions are expected to have substantial
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seasonal shifts in streamflow, with greater flows in winter
and early spring and reduced flows in the summer (Berghuijs
and others, 2014; Brunner and others, 2020).

Warming temperatures will also create a greater demand
for irrigation and municipal water consumption, adding
further uncertainty to streamflow projections as stream
withdrawals increase to meet water needs. Streamflow
depletion or “stream capture” can also occur when local
groundwater pumping reduces groundwater flow to a stream
channel or reverses the flow so that stream water supplies
the pumping well (Konikow and Leake, 2014; Zipper and
others, 2022). Measuring streamflow depletion is difficult
because of the natural variability of streamflow, lack of
data on subsurface aquifer properties controlling lag times
for impacts, and lack of data on groundwater pumping
rates (Zipper and others, 2022; this issue is discussed
further in chap. B, Gorski and others, 2025). Reliable
estimates of streamflow depletion are needed to develop

water-management strategies to adapt to changing climate,
especially in agricultural regions of the Central and Western
United States.

Shifts in the timing of streamflow can potentially create
a misalignment between available water and time of greatest
demand. For regions with snowmelt-influenced flows, earlier
and (or) greater flows in the winter and spring will increase
the need for water storage capacity to meet high demand
in the summer growing season. Streamflow depletion that
impacts flow necessary to maintain ecosystem function is
expected to become more widespread in the future and will
be exacerbated by climate change (de Graaf and others,
2019). Using a global-scale groundwater-surface water
simulation, de Graaf and others (2019) estimated that by
2050, streamflow levels will fall below environmental flow
requirements (see “Glossary”) for approximately 42—79
percent of the watersheds in which there is groundwater
pumping worldwide.

Sidebar 2. A Century of Streamflow Variability

ere, we examine the occurrence of extreme
Hrunoff conditions during 1901-2020 across the

conterminous United States (CONUS). Measured
runoff (streamflow per unit area) was aggregated in 2,049
8-digit hydrologic unit codes (HUCS8s) that had complete
data records (U.S. Geological Survey, 2024). The 2,049
HUC:s are well-distributed across the CONUS. For this
analysis, the monthly runoff data for each HUC were
converted to percentiles. The percentiles for each HUC
were computed for each month separately to remove
the effects of seasonality on the runoff percentiles. The
percentiles of monthly runoff then were used to compute
the percent area of the CONUS and of four U.S. aggregated
hydrologic regions—West, High Plains, Northeast through
Midwest, and Southeast (map in fig. S2.14)—with monthly
runoff percentiles greater than the 90th percentile (p90,
extreme high runoff) or less than the 10th percentile (p10,
extreme low runoff). The percentage of area was computed
as the sum of the areas of the HUCs within the CONUS and
each of the four aggregated hydrologic regions that met the
extreme high and low runoff criteria.

This examination of long time series of CONUS and
regional runoff allows for the identification of periods when
an anomalously large percentage of an area of aggregated
hydrologic regions had extreme monthly runoff and
provides a long-term context for anomalous events. Using
shorter time series could lead to improper interpretations of
trends and extremes in the time series.

For the CONUS (fig. S2.1B), the time series of the
percentage of area with extreme high monthly runoff
indicates the early 20th-century pluvial (see “Glossary”),
whereas the time series of the percentage of area with
extreme low monthly runoff indicates several well-known
drought conditions including the 1930s “dust bowl”
drought, the 1950s drought, the 1960s drought (which
resulted in the drought of record in the Delaware River
Basin), the late 1980s drought (which resulted in low
flow conditions of the Mississippi River), and the
“turn-of-the-century drought” that began around the year
2000.

The time series for the four aggregated hydrologic
regions show greater detail in extreme high and low flows
where these anomalous climate events were focused. For
example, the early 20th century pluvial is most evident
in the figures for the West and High Plains aggregated
hydrologic regions (fig. S2.1C and S2.1D), whereas the
1930s drought is apparent for the West, High Plains, and
Northeast through Midwest aggregated hydrologic regions
(fig. S2.1C, S2.1D, and S2.1F), and the 1950s drought
is most visible for the Southeast aggregated hydrologic
regions (fig. S2.1F). Another feature evident in figure S2.1F
is an increase in the percentage of area with high monthly
runoff after about 1970. The increase in high monthly
runoff events since about 1970 coincides with an increase in
precipitation that occurred primarily in the eastern CONUS
at about 1970 and continues to date (2023).
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Sidebar 2. A Century of Streamflow Variability—Continued
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Figure S2.1. Four regions of the conterminous United States (CONUS) and time series of percentage of area with high or
low flow extremes monthly across CONUS, 1901-2020. (A) Map of four aggregated hydrologic regions in CONUS indicated by
boundary lines. (B—F) Time series of the percentage of area with monthly runoff percentiles greater than or equal to the 90th
percentile (bars above the 0 percentage of area), and monthly runoff percentiles less than or equal to the 10th percentile
(bars below the 0 percentage of area) for the (B) CONUS, (C) West, (D) High Plains, (E) Northeast through Midwest, and (F)
Southeast. The thick lines in each figure indicate 36-month moving averages.
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FAQ 8.2: Causes of more severe floods from climate change
Flooding presents a hazard but the link between rainfall and flooding is not simple.
While the largest flooding events can be expected to worsen, flood occurrence may decrease in some regions.
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Figure 5. Complexity of the interactions between precipitation and flooding (from Intergovernmental Panel on Climate
Change, 2021b, section FAQ 8.2). Causes of more severe floods are from climate change. Flooding presents a hazard but
the link between rainfall and flooding is not simple. Although the largest flooding events can be expected to worsen, flood
occurrence may decrease in some regions. Used with permission.
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Cryosphere—Ilce and Snow

Climate change has resulted in fundamental changes to
the cryosphere, which contains the frozen water on Earth and is
considered to include polar regions and high mountains with glaciers.
In this section, we discuss permafrost and glaciers in those
regions, as well as snow processes and changes in seasonally
frozen soils and surface water bodies elsewhere in the
United States.

Freeze/Thaw Timing

Observations

Atmospheric moisture content increases with warming
temperatures and influences latent and longwave heat flux
(Armstrong and Brun, 2008), and in turn, influences the timing
and rate of snow and ice ablation (Hock and others, 2019).
Consistent with this phenomenon, the number of unfrozen
days in a year overall has increased in the conterminous
United States during 1979-2021; however, trends vary across
the regions of the United States (Kim and others, 2017,

U.S. Environmental Protection Agency, 2023).

Lakes in the northern United States are freezing later
and thawing earlier compared with the 1800s and early 1900s
(Benson and others, 2012; Hodgkins, 2013). The monitoring
of ice on lakes and rivers provided consistent evidence of later
freezing and earlier breakup around the Northern Hemisphere
from 1846 to 1995. “Over these 150 years, changes in freeze
dates averaged 5.8 days per 100 years later, and changes in
breakup dates averaged 6.5 days per 100 years earlier; these
translate to increasing air temperatures of about 1.2 °C per
100 years. Interannual variability in both freeze and breakup
dates has increased since 1950.” (Magnuson and others,

2000 [Abstract]). Since the early 1970s, all five of the Great
Lakes have had a long-term decrease in the maximum area
that freezes each year, but the decrease is only statistically
meaningful in Lake Superior (Wang, Bai, and others, 2012).
For all five lakes, the number of frozen days per year has
decreased since the early 1970s (Angel and others, 2018).

Glaciers

Observations

In the United States, glaciers occur in Alaska and in
the northern Rocky Mountains, where they store water and
contribute to seasonal runoff and alpine lakes. Glaciers
worldwide have been losing mass since at least the 1970s.
The loss of glacier mass is largely attributable to increases in
temperature and changes in precipitation, although mountain
glacier stability is also affected by humidity, incoming radiation,
and near-surface wind speed and direction. Arctic-wide glaciers
have decreased in annual average ice mass every year since

1984, with especially significant losses in Alaska during the last
2 decades (Taylor and others, 2017). Comparisons of historical
photographs to modern ones taken from the exact position
(repeat photography; National Snow and Ice Data Center, 2002;
U.S. Geological Survey, 2023) have been used to document
changes in glacier extent and show Alaskan landscape evolution
and North American glacier dynamics on local and regional
scales. Today, satellites such as Landsat provide images for
more precise analysis of changes in glaciers, their proglacial
lakes, and meltwater drainage through time. Total ice mass in
the Gulf of Alaska region declined during 2003—15; the National
Aecronautics and Space Administration Gravity Recovery and
Climate Experiment (GRACE) indicated mass loss in the Gulf
of Alaska region of —36 +4 gigatons (GT) per year from the
northern part and —4 +3 GT per year from the southern part
(Taylor and others, 2017).

Changes in glacier extent have changed the amount and
seasonality of runoff to glacier-fed river basins, and increased
the number and area of glacier lakes, impacting water storage
and water management decisions. As a greater proportion
of precipitation falls as rain rather than snow, winter runoff
increases (Hock and others, 2019), also impacting accumulation
of permanent ice fields. Rising air temperatures in the Arctic
have caused increased humidity, precipitation, and river
discharge. Glacier equilibrium-line elevation has risen, land ice
has melted, thickness of sea ice and spring snow cover extent
and duration have decreased, and warming of permafrost has
occurred. These changes have contributed to the Arctic trending
toward a new state, with consequences for ecosystems, carbon
emission rates, and planetary albedo (Box and others, 2019).

Future Water Availability

Glaciers are projected to continue to decline in most
of the world throughout the 21st century with atmospheric
warming as the primary driver for global glacial recession
(Vuille and others, 2018). Moreover, many smaller glaciers
are expected to disappear by 2100 regardless of emission
scenarios (Hock and others, 2019). In Alaska, surface air
temperatures are projected to continue increasing at the
average rate of 0.3 °C per decade until the mid-21st century,
outpacing global warming rates of 0.2+0.1 °C per decade and
leading to an overall decline in mountain glaciers (Hock and
others, 2019). Multiple datasets indicate with certainty that
Alaskan glaciers have lost mass over the last 50 years and
will continue to melt throughout the 21st century (Taylor and
others, 2017). Retreating glaciers leave steep slopes vulnerable
to landslides and rock avalanches. Increased precipitation
incorporating snow, fluidized ice, loose sediment, and rocks
increases downslope and downstream erosion hazards.

Permafrost

Permafrost is soil, rock, or sediment that remains frozen
(below 0 °C) for 2 years or more. Alaska, with nearly 30
percent of its land area north of the Arctic Circle, has the
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most permafrost in the United States. In the CONUS, glaciers
present in some high-elevation mountains of the West have

a low-temperature climate regime underlain by permafrost
(Hock and others, 2019), however, these are few and limited
in extent. Except in southeastern Alaska, Kodiak Island, and
the Aleutian Islands, Alaska is largely underlain by permafrost
that affects landscape patterns, geomorphic processes, and
surface-water and groundwater flow (Jorgenson and others,
2013). Permafrost is overlain by the active layer, the portion
of the surface and subsurface that freezes and thaws in
response to seasonal air temperature variations. Underneath,
impermeable ice limits the area that can contain shallow
groundwater flow systems. At depths where heat flow from the
natural geothermal gradient keeps water liquid, groundwater
circulates below the permafrost layer (McKenzie and others,
2021; Walvoord and Striegl, 2021). Walvoord and Striegl
(2021) summarized the complex mechanisms and competing
influences associated with permafrost thaw. Increased
permafrost thaw results in land surface disturbance including
ground subsidence, lake and pond formation, erosion, and
differential settling. Permafrost thaw affects surface water and
groundwater recharge and discharge, dynamically changing
the hydrogeologic framework and watershed boundaries.
Groundwater flow paths can extend deeper with new areas
becoming permeable to flow. Groundwater—surface-water
interactions change, affecting water availability (including
water quality; fig. 6).

Observations

Since the 1970s, Arctic and boreal regions in Alaska
have had rapid rates of warming and thawing of permafrost,
primarily from rising air temperatures with some influence
from changes in snow cover (McKenzie and others, 2021;
Walvoord and Striegl, 2021). Annual average near-surface
air temperatures across the Alaskan North Slope and boreal
Alaska have increased since the middle of the 20th century
at a rate more than twice as fast as the global average
temperature, as evidenced from multiple observation
sources including land-based surface stations and available
meteorological reanalysis datasets (Taylor and others, 2017;
Markon and others, 2018). From 2014 to 2018, annual surface
air temperatures in the central Arctic exceeded that of any
year since 1900. During the winters (January—March) of 2016
and 2018, surface temperatures in the central Arctic were 6
°C greater than the 1981-2010 average, providing evidence
of the coupled atmosphere-cryosphere system shifting
outside the 20th century range (Meredith and others, 2019).
Although permafrost warming rate varies regionally, colder
permafrost is warming faster than warmer permafrost (Taylor
and others, 2017). In Alaska, permafrost on the North Slope
is warming more rapidly than in the interior, where depths
from 12 to 20 m have warmed 0.3—1.3 °C per decade over the
observational period from 1977 to 2015 (Taylor and others,
2017). Permafrost thaw is occurring faster than models have
predicted because of poorly understood deep soil, ice wedge,

and thermokarst processes. Process-based global models
currently (2024) do not account for abrupt permafrost thaw
or impacts of fire (combustion of insulating organic layer,
reduced canopy shading) on permafrost, both drivers of net
carbon emissions from Arctic wildfires (Natali and others,
2021). Direct observations of permafrost loss are few, but
progress has been made in determining climate-sensitive
processes and parameters for quantifying the response of
Arctic systems to climate change (Saros and others, 2023).
Historical trends of increasing stream base flow across the
Arctic are a sensitive indicator of progressive permafrost thaw
and can be applied at watershed-to-regional scales to monitor
changes in permafrost and surrounding surface-water and
groundwater systems (Saros and others, 2023).

Rapidly increasing permafrost thaw in Alaska also
contributes to riverine and coastal erosion. Riverbank erosion
from increasing snowmelt and permafrost thaw, particularly
where rivers empty into the sea, has significantly increased
from a conservative rate of 12 meters per year (m/yr) to as
much as 37 m/yr, forcing remote native villages to begin
moving to more sustainable locations (Markon and others,
2018). Along river reaches, thaw contributes to destabilizing
riverbanks and increased lateral erosion as discharge increases.
Scott (1978) examined drainages in northern Alaska during
spring melt breakup to determine the effects of frozen bed and
bank material on channel behavior and concluded that where
permafrost existed, it was the dominant variable contributing
to streambed stability when compared to non-permafrost
environments. Using satellite imagery, aerial photographs,
and field observations, Rowland and others (2023) concluded
that permafrost thaw from climate change will likely increase
erosion rates on large rivers with less impact on smaller rivers,
but that more data on smaller rivers are needed to confirm
this finding.

Future Water Availability

It is virtually certain that permafrost extent and volume
will shrink as the global climate warms (Fox-Kemper and
others, 2021). CMIP5 projections indicated that permafrost
area could decrease by 69 +20 percent by 2100 with no
climate policy (RCPS8.5), and by 24 £16 percent with climate
policies that aim to limit global warming to less than 2 °C
(RCP2.6; Slater and Lawrence, 2013); similarly, spatial
modeling suggested near-surface permafrost in Alaska will
likely disappear on 16—24 percent of the landscape by the end
of the 21st century (Pastick and others, 2015). The magnitude
of these changes depends on climate and ground-ice
conditions, where permafrost thaw generally results in drier
upland habitat and wetter lowlands as tundra and forests are
converted to lakes and bogs. About 20 percent of Arctic land
permafrost is vulnerable to abrupt permafrost thaw and ground
subsidence, which is expected to increase small lake area
by more than 50 percent by 2100 for RCP8.5 (Meredith and
others, 2019).
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Figure 6. Groundwater- and permafrost-thaw driven climate-change impacts in Arctic systems. Warming causes permafrost
thaw and leads to a series of changes and feedbacks, including increased groundwater flow and connectivity with surface
water that lead to secondary subsidence, infrastructure damage, and riverbank erosion. Adapted from McKenzie and others

(2021, fig. 1) Creative Commons Attribution 4.0 License.

In the future, permafrost thaw resulting in subsidence is
expected to significantly increase damage and maintenance
costs for structures and facilities, buildings, airport runways,
roads, and other infrastructure as well as loss of cultural
heritage for Alaskan Indigenous people (Markon and others,
2018). By 2050, 70 percent of Arctic infrastructure will be in
regions at risk from permafrost thaw and subsidence (Meredith
and others, 2019). However, a warming climate may enhance
water availability in some locations as permeability and
recharge in previously frozen aquifers becomes sufficient to
supplement domestic and municipal water supplies (Lemieux
and others, 2016). Downscaled global climate models and the
higher emissions scenario (RCP 8.5) project more warming
in the Arctic and interior areas than in the southern areas of
Alaska (Markon and others, 2018). Permafrost thaw and
increasingly discontinuous spatial extent of permafrost
layers leads to decomposition of previously frozen and
sequestered organic carbon, releasing carbon dioxide and
methane greenhouse gases to the atmosphere in addition
to global anthropogenic emissions. These processes result
in an amplifying feedbacks and additional global warming

(Taylor and others, 2017, table S1.1). These processes are
non-linear and present major challenges to predicting global
average temperature increases and, in turn, the rate of further
permafrost melt (Natali and others, 2021).

Snow Cover and Snow Accumulations

Snow serves as an important water source for many
regions and has a substantial effect on surface energy
balances, atmospheric circulation, and soil thermal conditions
(Groisman and others, 1994; Frei and Robinson, 1999). Thus,
variability and changes in snow accumulation, snow cover
duration, and spatial extent, and the timing of snowmelt
influence hydrologic and climatic conditions and are also
useful indicators of climatic change (Frei and Robinson, 1999;
Frei and others, 1999; Brown, 2000).
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Observations

Across much of Canada and the United States, increasing
temperatures have contributed to increases in winter
precipitation falling as rain instead of snow, and decreases in
total snow accumulations, snow extent, and duration of snow
cover (Karl and others, 1993; Frei and Robinson, 1999; Frei
and others, 1999; Brown, 2000; McCabe and Wolock, 2010;
Pederson and others, 2011, 2013; Rupp and others, 2013;
Kunkel and others, 2016; Taylor and others, 2017; Mote and
others, 2018; Mudryk and others, 2018; Derksen and others,
2019; Livneh and Badger, 2020; Mudryk and others, 2020;
Gutiérrez and others, 2021a, 2021b; Ranasinghe and others,
2021; Hicke and others, 2022). A decrease in fractional
snow-covered area in the Arctic (Zhang and others, 2019)
corresponded to reduced albedo (reflectivity), which in turn
enhances regional warming. Declining snow cover is expected
to continue and will be affected by the anthropogenic forcing
and evolution of arctic ecosystems (Taylor and others, 2017).
Taylor and others (2017) concluded that human activities have
very likely contributed to observed snow-cover declines in the
last 50 years. Attribution studies indicate that observed trends
in Northern Hemisphere snow cover cannot be explained
only by natural processes but require anthropogenic forcings,
and declining snow cover is expected to continue (Rupp and
others, 2013; Kunkel and others, 2016). Karl and others (1993)
examined variations in the snow-covered area for North
America and reported a strong association between decreases
in snow-covered area and increases in North American and
Northern Hemisphere temperature. Brown (2000) examined
the Northern Hemisphere snow-covered area for the period
1915-97 and reported that, since 1950, the largest changes
in snow-covered area have occurred during March, similar
to conclusions made by Frei and others (1999). In a more
recent study, Mudryk and others (2020) reported that trends
in Northern Hemisphere snow extent during 1981-2018
are negative in all months and the decreasing trends exceed
50,000 square kilometers per year during November,
December, March, and May.

Future Water Availability

Modeled projections for processes indicate large declines
in snowpack across the Western United States and a shift to
more precipitation falling as rain rather than as snow during
winter months in many parts of the CONUS (U.S. Global
Change Research Program, 2017). Interrelated feedbacks
between the ice- and snow-cover fraction, dust deposition, and
albedo are relevant in many cryosphere settings. As global
warming continues, snow extent, the duration of snow cover,
and snowpacks are likely to continue to decline across the
CONUS (McCrary and Mearns, 2019; Hicke and others, 2022;
Gutiérrez and others, 2021b; U.S. Global Change Research
Program, 2023). These changes also will be associated
with declines in snowmelt runoff (Li and others, 2017) and
increased evaporative losses (sublimation) from snowpacks
(Foster and others, 2016; Milly and Dunne, 2020), as well as

increases in the frequency of rain-on-snow events (Jeong and
Sushama, 2017) and increased frequency of snow drought
(Harpold and others, 2017; Marshall and others, 2019). In the
North American Arctic, model simulations show that future
reductions in snow cover influence geochemical feedbacks
and warming more strongly than changes in vegetation cover
and fire (Euskirchen and others, 2016; Taylor and others,
2017). Hammond and others (2023) assessed the timing and
magnitude of snow storage and meltwater as snow water
equivalent (SWE) and surface water input (SWI), respectively,
using a high-resolution model of snow accumulation and melt
in the Upper Colorado River Basin under global warming
with the RCP 8.5 scenario. Simulation results projected 14 to
45 percent reductions in SWE at elevations less than 3,000

m, with higher elevations showing little change in SWE and
snowmelt SWI.

Snow Drought

For many locations in the United States, particularly
areas west of 105 °W longitude, snowpack accumulations
are a substantial contributor to water supplies. Changes in
snowpack are useful indicators of climatic variability and
change (McCabe and Wolock, 1999, 2009b; Mote, 2003;
Stewart and others, 2004; McCabe and Clark, 2005; Mote
and others, 2005; Knowles and others, 2006; Knowles,

2015; Harpold and others, 2017; Huning and AghaKouchak,
2020). Additionally, melt from snowpacks results in a large
proportion of annual streamflow in many Western United
States river basins (Cayan, 1996; Mote and others, 2005).
Decreases in snowpack accumulation and melt can result in
earlier snow-melt driven streamflow timing and decreases in
the volume of warm-season streamflow, with implications for
water supplies, ecosystem health, hydropower generation, and
agriculture (McCabe and Wolock, 1999, 2009a; Dudley and
others, 2017; Huning and AghaKouchak, 2020).

Fyfe and others (2017) noted that from the 1980s to the
2000s, there was a 10- to 20-percent loss in the yearly amount
of water contained in the western CONUS snowpack. Using
modeling experiments, they showed that observed losses of
snowpack were consistent with snowpack losses simulated
by climate models forced with natural and anthropogenic
changes, but inconsistent with simulations forced only
by natural changes. Fyfe and others (2017) further stated
that additional snowpack losses of as much as 60 percent
might occur within the next 30 years. These potential losses
of snowpack likely will result in serious challenges for
hydropower production, municipal water-supply management,
and agricultural production across the western CONUS.

Siler and others (2019) reported that, since the 1980s, the
decline of snowpacks in the Western United States has been
slowing, even though warming has continued. The reduced
decline of Western United States snowpack since the 1980s
was related to changes in atmospheric circulation that resulted
in enhanced zonal upper-level winds, which transported
increased moisture from the North Pacific Ocean into the
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Western United States. They also suggested that the changes
in atmospheric circulation were related, in part, to a shift in
Pacific Ocean sea surface temperatures that are driven by
natural variability; however, they warned that as atmospheric
circulation changes, the decline in Western U.S. snowpack
likely will accelerate as a result of increases in temperature.

Declines in snowpack have raised questions regarding
increases in snow drought (Cooper and others, 2016; Huning
and AghaKouchak, 2020). Snow drought occurs when
snowpack is extremely low for a specific time of the year at a
location. Snow drought can occur because of a lack of winter
precipitation (that is, precipitation deficits) or because of the
effects of warm conditions (positive temperature anomalies;
Harpold and others, 2017). In a global study of snow drought,
Huning and AghaKouchak (2020) reported that snow droughts
have become more frequent, intense, and longer across the
western CONUS. They identified eastern Russia, Europe,
and the western CONUS as “hot spots” for snow droughts.
For these locations, snow drought duration has increased by
about 2, 16, and 28 percent, respectively, since about the year
2000, and the frequency of snow drought in these regions has
increased by 3, 4, and 15 percent, respectively.

Warming across the United States is contributing to
declines in the amount of winter precipitation falling as snow,
total snow accumulations, snow extent, and the duration
of snow cover. These declines in snow conditions likely
will result in decreases in spring and early summer season
snowmelt-driven streamflows. Additionally, as warming
continues snowmelt likely will occur earlier, resulting in a
shift in the timing of snowmelt-generated streamflow to earlier
in the year, which will lead to further decreases in streamflow
(and water availability) during the warm season (Kormos and
others, 2016; Dudley and others, 2017).

Surface Water—Wetlands and Lakes

Observations

A global assessment of the largest natural lakes and
reservoirs, accounting for 96 and 83 percent of surface
freshwater storage, respectively, indicated that more than
50 percent of them have decreased in volume over the past
3 decades (Yao and others, 2023). Yao and others (2023)
attributed the decline in natural lake storage to climate
warming, increased evaporative demand, and human water
consumption. The decline in reservoir storage was primarily
linked to sedimentation. Although Western United States
basins had some of the greatest storage declines in lake water,
the northern Great Plains and the Laurentian Great Lakes of
North America had precipitation-and-runoff driven gains.

Future Water Availability

Water withdrawals (surface and groundwater) can
substantially impact lake and wetland water levels and
connectivity with rivers and streams. There is medium
confidence that inland wetland extent will decrease, and high
confidence that coastal wetlands will undergo increasing
saltwater intrusion (Intergovernmental Panel on Climate
Change, 2021b). For coastal wetlands, projections of change
in area with sea-level rise are inconclusive (Intergovernmental
Panel on Climate Change, 2021b), whereas for inland
wetlands, decreases in extent and areal density are projected in
mountain, mid-latitude, and prairie environments.

Water quality in inland and coastal wetlands and lakes
can decline because of increasing temperature. Harmful algal
blooms could increase in response to the longer duration
of seasonal warm water temperatures and the potential for
episodic increases in nutrient loading with more extreme
precipitation (U.S. Global Change Research Program, 2017,
Ho and Michalak, 2019). These and other effects of warming
on the water quality and biogeochemistry of lakes and
reservoirs are not well understood, but recent evidence of
warming in lakes worldwide indicates a need for simulations
of changes in thermal structure and ice phenology to
understand likely impacts (Golub and others, 2022).

Work by Yao and others (2023) documented where
and why lake water storage was increasing or decreasing
globally. They reported a net drying trend and concluded that
“increasing temperature and PET are the chief determinants of
water loss in 21 percent of drying natural lakes, a cautionary
finding for a projected warmer future, underscoring the
importance of accounting for climate-change impacts within
future surface water resources management.” (Yao and others,
2023, p. 6)

Groundwater

Groundwater comprises 25-30 percent of freshwater
reservoirs available to humans, with the rest being ice and a
few percent surface water (fig. 1; chap. B, Gorski and others,
2025). Taylor and others (2013) reviewed likely impacts
of climate change on groundwater resources, stating that
groundwater provides more than 40 percent of all freshwater
resources for domestic, agricultural, and industrial purposes
(see also Taylor and others, 2013; U.S. Global Change
Research Program, 2017). Changes in precipitation and
evaporation that affect groundwater recharge, shifts in land
cover and vegetation water demand, and changes in water
withdrawals for human use are several ways in which climate
directly or indirectly affects groundwater availability.
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Observations

Groundwater depletion results from pumping wells at
rates that reduce the volume of water in subsurface aquifer
storage over time (Dol and others, 2014; Konikow and
Leake, 2014; Konikow, 2015). Consequences of groundwater
depletion include reduced surface-water flows, permanent
aquifer subsidence, and saltwater intrusion in coastal areas
(Bartolino and Cunningham, 2003). In the United States, the
highest measured rates of groundwater depletion occurred in
the High Plains aquifer (South Dakota to Texas panhandle
and New Mexico), the Mississippi Embayment (Gulf Coastal
Plain aquifer), and the Central Valley of California (Konikow,
2015). Globally, models have indicated that India, United
States, Iran, Saudi Arabia, and China have undergone more
than a doubling of groundwater depletion from 1960-2000 to
20002009 (D61l and others, 2014).

Future Water Availability

Groundwater depletion through irrigation withdrawals
is projected to have a major impact on future water resources
because rising air temperatures increase crop water demand and
increase climate variability leading to longer or more severe
drought (D6ll, 2009; Taylor and others, 2013; U.S. Global
Change Research Program, 2017; Intergovernmental Panel on
Climate Change, 202 1b; Partridge and others, 2023). When
increases in air-temperature drive increased groundwater use
for crop irrigation, stream base flow is reduced or gaining
streams turn into losing streams (Uhl and others, 2022). This
stream capture by groundwater pumping is projected to occur
with higher frequency in the future (Zhang and others, 2023).
Cascading effects include higher uncertainty in low-flow
predictions, increased stream temperatures, acceleration of
cold-water fish species decline, saltwater intrusion, infiltration
of pollutants to groundwater, and decreased surface-water
availability during drought.

Groundwater resources are divided into shallow and deep
groundwater, each with different vulnerability to climate-change
related processes affecting projected availability in the future.
Municipal water supplies often rely on deeper groundwater,
whereas domestic supply is generally drawn from shallow
groundwater (Degnan and others, 2021).

Shallow groundwater generally comprises water-table
(phreatic) aquifers with recharge and discharge on short
timescales. Shallow groundwater supplies and exchanges with
surface water (streams, wetlands, and lakes) and therefore
is very important to ecosystem health. Cuthbert and others
(2019) defined shallow groundwater as less than (<) 10 m
deep, characterized by bidirectional interaction with the climate
system (recharge influx, evapotranspiration outflux). Modeled
sensitivity to climate change and system response time were
higher in these shallow aquifers than in deeper aquifers, making
prediction of climate effects less certain. To distinguish streams
with predominantly shallow or deep groundwater supply, Hare

and others (2021) used paired air-water temperature signals at
sites across the CONUS. Of the streams supplied by groundwater,
53 percent were from shallow groundwater aquifers (in their
study, <6 m below land surface) and these were more affected

by warming trends and by implication, more vulnerable to
drought, increased evapotranspiration, and increased groundwater
extraction. Simulations by Condon and others (2020) showed
that shallow groundwater storage could decline in response to
warming and increased evapotranspiration across the continental
United States, eventually breaking connectivity between
vegetation and groundwater and thus decreasing resilience of
ecosystems to drought stress. A recent study (Zhang and others,
2023) expands on the streamflow interactions using an analysis
of sensitivity of streamflow to its drivers: precipitation, PET, and
groundwater storage. Their analysis indicated greater declines

in future streamflow than are currently projected because
Earth-system models do not adequately simulate increases in
evapotranspiration.

Deep groundwater includes aquifers located just below
the root zone to aquifers that discharge at regional scale, at
coastal or large drainage-basin discharge points. Guswa (2008)
determined water-optimal root depths for a variety of soil, plant,
and climate characteristics to be less than 4 m, and a compilation
of measurements from around the globe (Schenk and Jackson,
2002) indicated that 95 percent of roots were located in the
upper 2 m of the soil profile. Groundwater deeper than 500 m is
not well-connected to the rest of the water cycle (Ferguson and
others, 2023) but groundwater above that is used extensively
for water supply in semiarid and arid regions. In these aquifers,
recharge may be on very long timescales or occurring at lower
rates than in the past, so that this water resource is “mined”
as a non-renewable resource. Although this groundwater
comprises a large reservoir of freshwater (fig. 1), drinking or
even irrigation-quality recoverable water is a smaller fraction of
this volume. The amount of groundwater that can be withdrawn
from an aquifer depends on porosity, permeability, and geological
structure (such as confining units) at depth, all spatially variable
and relatively poorly known.

Groundwater depletion is defined as long-term, water-level
decline caused by sustained groundwater pumping, reducing the
volume of water in storage. The concept of sustainable yield of
fresh water from an aquifer was historically based on the idea
that groundwater can be safely withdrawn at a rate equivalent
to the natural recharge rate. However, water availability under
groundwater development cannot be based on rates of natural
recharge to an aquifer system, because the water pumped may
come from a combination of surface water (streamflow, lakes and
wetlands) and water stored prior to development. Determining
sustainable withdrawal rates involves identifying all sources
of water that supply the amount withdrawn by wells, and
groundwater models are often used to simulate these complex
systems (Alley and others, 1999; Bredehoeft, 2002). Future
water availability, especially in the arid Western States, will
depend more on groundwater resources as temperatures increase
atmospheric demand and irrigation requirements.



26 Climate Change and Future Water Availability in the United States

Complex Regional-Scale System
Processes Affecting Water Availability

The processes of water-vapor production, transport, and
precipitation are driven by the global energy balance. On
land, local-to-regional processes that affect water availability
include precipitation patterns, evapotranspiration and soil
moisture status, streamflow dynamics, and storage reserves,
including groundwater, snowpack, and reservoirs. Here,
we describe three complex natural water cycle processes
important to water availability in the United States that
involve several interacting water cycle components. These are
topics of current research in climate science because of poorly
understood feedbacks, lack of observational records, and
inadequate process representation in Earth-system models.

Mountain and Coastal Precipitation Processes

Global warming has the potential to significantly shift
the lifting condensation level (the altitude at which clouds
form), affecting precipitation in mountain and coastal systems.
Mountain (orographic) precipitation is a primary interaction
between land and atmospheric components of the water cycle
and is fundamental to water supply worldwide. Mountains
receive significantly more precipitation than surrounding
land areas. The mechanisms generating this water supply
(temperature lapse rates and condensation of water vapor) are
affected by global warming (Siler and Roe, 2014; Immerzeel
and others, 2019). Atmospheric warming may decrease the
elevation range receiving orographic precipitation and may
also affect processes that amplify rainfall in and near mountain
systems in other types of weather systems (for example,
Houze, 2012). Orographic enhancement of precipitation is a
major driver of water supply for populations in the mountain
ranges of the CONUS (Cascade Range, coast ranges of
California, Sierra Nevada, Rocky Mountains, Appalachian
Mountains) and in the Hawaiian Islands and Puerto Rico.
Lowland populations are also dependent on mountain water
supplies. Figure 7 shows an analysis by Viviroli and others
(2020) that determined projected dependence of lowland
populations on mountain water resources for the mid-21st
century. Mountains were defined as “...(1) all areas more
than 200 m above sea level (a.s.l.) if their relief roughness is
at least 45%, (2) all areas more than 500 m a.s.l. if their relief
roughness is at least 21%, (3) all areas more than 1,000 m
a.s.l. if their relief roughness is at least 10% and (4) all areas
more than 1,500 m a.s.1. regardless of their relief roughness”
(Viviroli and others, 2020, p. 924). Projected future mountain
water availability is most at risk for lowland populations in
California’s Central Valley, the Southwest, and the western
Great Plains (fig. 7).

In the western coastal regions of the United States, the
interaction between ocean-derived atmospheric moisture and
the land is changing because of global warming (Johnstone
and Dawson, 2010). Human habitation, agricultural systems,
and natural ecosystems of the Pacific Coast benefit from
marine low clouds and fog precipitation during the dry
summer season; these climate characteristics modulate heat
waves and suppress wildfire, and provide moisture for coastal
mountain ecosystems, coastal agriculture, and fisheries
(Sawaske and Freyberg, 2015; Clemesha and others, 2017;
Williams and others, 2018; Torregrosa and others, 2019; Dye
and others, 2020).

Changes in mountain precipitation are not well
understood, as past climate assessments did not address
elevation-dependent changes in precipitation. Using data
starting in 1900, Pepin and others (2022) documented
increased warming rates at higher elevation in some regions
but this was not a consistent global trend. They suggested
that storage of water (rain and snow) at high elevations may
decline because of the combination of warming and reduced
elevation-dependence of precipitation. Observations of
declining winter snowpack in the Western United States are
described in more detail in section, “Snow Cover and Snow
Accumulations.”

Dye and others (2020) documented a satellite-observed
decrease in coastal low clouds over a 22-year period in the
Pacific Northwest, but satellite trends were not confirmed by
airport observations of low-cloud frequency. Williams and
others (2015) analyzed airport observations of summer marine
low clouds and fog in southern California during 1948-2014
and reported a trend of decreased fog and increased cloud
base height over urban areas that correlated with nighttime
warming. Scholl and others (2021) noted a significant rise
in orographic cloud base altitude in Puerto Rico mountains
after hurricane-induced forest defoliation that increased
daytime surface-temperature lapse rates on the mountain
slope from —5.7 to —9.6 °C per kilometer (km). In Hawaii,
Kagawa-Viviani and Giambelluca (2020) noted a rising trend
in the condensation level of orographic clouds over decades,
concurrent with temperature and marine boundary layer drying
consistent with global warming.

For western North American mountain ranges (Rocky
Mountains and Alaska ranges), there is high confidence
that the freezing altitude in mountain areas is projected to
rise, which will change snow and ice conditions including
snow line, glaciers, and the rain-snow transition altitude.
Snow cover will decline, with virtual certainty, over most
regions globally during the 21st century; this will affect
water availability through declines in SWE and the extent
and duration of snow cover in mountains (Mountains Fact
Sheet, Intergovernmental Panel on Climate Change, 2021c).
Glacier-fed streamflow is projected to decrease from small
glaciers and increase from large glaciers until their mass is
depleted (Mountains Fact Sheet, Intergovernmental Panel on
Climate Change, 2021c¢). In the Eastern United States, the
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Appalachian Mountains are likely to be subject to a similar
increase in condensation and freezing altitudes. Fernandez
and Zegre (2019) projected increased precipitation in the
northern Appalachian Mountains and decreased precipitation
in the southwestern Appalachian Mountains. Their analysis
of 20 river basins supplying large metropolitan regions of the
East Coast indicated greater reliance on forested mountain
watersheds as temperatures rise during the 21st century.

Extreme precipitation is projected to increase in major
mountainous regions with medium-to-high confidence;
however, this effect is superimposed on projected overall
declines in snowpack, so net impacts on the water cycle
are uncertain. Precipitation extremes (rainfall and seasonal
snow accumulation) have the potential to increase frequency
of floods, landslides, and failure of lake impoundments.
Trends and projections of change in low marine clouds and
fog or of orographic precipitation in mountains are few
because low-cloud mechanisms are not well represented in
Earth-system models and most satellite and ground-based
observational records are not long-term.

Climate change in mountains “... will pose challenges
for water supply, energy production, ecosystems integrity,
agricultural and forestry production, disaster preparedness, and
ecotourism.” (Mountains Fact Sheet, Intergovernmental Panel
on Climate Change, 2021c). In the interior Western United
States, summer precipitation is sparse and many reservoirs
are associated with mountainous terrain to capture and store
the water from snowmelt for agricultural and municipal water
use. Declining snowpack and extreme precipitation events will
impact reservoir volume and sedimentation rates, affecting
water provision. Low cloud cover on mountains and in coastal
regions also acts to suppress evapotranspiration, conserving
soil water and suppressing development of fire conditions.

Aridity and Drought

Aridity occurs when the natural supply of water
(precipitation) is less than the climatic demand for water
(potential evapotranspiration). Increasing aridity in a
region often is associated with the occurrence of drought.
Precipitation deficits are a primary driver of aridity and
drought, however, warming temperatures are becoming an
increasingly important contributor (Woodhouse and others,
2016, 2021). Climate warming contributes to an increase
in aridity across the Western United States, and continued
warming could result in a long-term increase in aridity for the
region (Cook and others, 2004; table S1.1). Two well-known
20th century droughts in the CONUS, the 1930s “dust bowl”
drought and the 1950s drought, have been assessed in several
studies (Hoerling and others, 2009; Heim, 2017; Cowan
and others, 2020) because of their sizeable socioeconomic
effects. In addition to these two drought events, a severe
drought event occurred during the 1960s in the northeastern
CONUS (Namias, 1966; Seager and others, 2012; Delaware
River Basin Commission, 2019) and impactful drought events

occurred in the central CONUS during the late 1980s and in
2012 (Changnon, 1989; Rippey, 2015). Most recently, there
has been great concern regarding a persistent drought in the
southwestern CONUS that started about the year 2000 (termed
the turn-of-the-century drought; Heim, 2017; Williams and
others, 2020; McCabe and Wolock, 2021).

In a recent analysis of the concurrent occurrence of dry
and hot conditions across the CONUS, Alizadeh and others
(2020) noted that the frequency of simultaneous dry and hot
extremes has increased across the CONUS during recent
decades. Alizadeh and others (2020) also reported that dry
and hot extremes have become more extensive; and whereas
precipitation deficits were the primary contributor to dry and
hot events earlier in the 20th century, increased temperature
has become the primary driver during recent decades.

In addition to examinations of drought frequency and
severity using climate data for the instrumental period,
there also have been analyses of CONUS drought using
multi-century climate reconstructions such as those derived
from tree-rings (Woodhouse and Overpeck, 1998; Cook
and others, 1999, 2014; Stahle and others, 2000; Fye and
others, 2003; Woodhouse and others, 2009; Baek and others,
2019; Burgdorf and others, 2019; Erb and others, 2020).

In an analysis of CONUS drought using tree-ring based
reconstructions of the PDSI, Cook and others (1999) examined
the 1930s “dust bowl” CONUS drought in the context of
droughts that occurred during previous centuries and reported
that the 1930s drought was not only one of the worst CONUS
droughts of the 20th century but also likely one of the worst
droughts since 1700.

Gangopadhyay and others (2021) used CMIP5 climate
projections (for 2006-99 using RCP4.5 and RCP8.5
projections) from 32 climate models to examine the effects of
projected climate change on drought frequency, duration, and
severity across the Western United States. They used the PDSI
to define drought events for 1,255 U.S. Geological Survey
8-digit hydrologic units across the Western United States
and reported that the climate-model projections for 2006-99
indicated an increase in drought duration and drought severity
for the Western United States.

Increasing temperatures are contributing to increased
aridity, evidenced by more extreme maximum temperatures,
drier soils, and more intense and severe droughts (Overpeck
and Udall, 2020). The increase in aridity is most notable in the
Southwestern United States, resulting in decreases in the flows
of important river basins such as the Colorado River and Rio
Grande River (Vano and others, 2014; Woodhouse and others,
2016; Lehner and others, 2017; McCabe and others, 2017,
Udall and Overpeck, 2017; Milly and Dunne, 2020). Increases
in aridity also are contributing to an increase in wildfires
across the western CONUS (Abatzoglou and Williams,

2016). Although increasing aridity is evident in the Western
United States, increased aridity also is expanding eastward as
warming continues (Seager and others, 2019; Overpeck and
Udall, 2020).
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There is high confidence that warming will continue
and will contribute to widespread, prolonged, and severe dry
spells (Overpeck and Udall, 2020). Continued increases in
temperature likely will result in increased aridity. Warming
decreases the fraction of winter precipitation that falls as
snow (Berghuijs and others, 2014), reducing snowpacks and
ultimately reducing land surface albedo (reflectivity), which
further increases warming and evapotranspiration (Martin and
others, 2020; Milly and Dunne, 2020). Additionally, increased
temperatures result in longer growing seasons that contribute
to increased evapotranspiration and drier soils. Subsequently,
when water in soil decreases to low levels, evapotranspiration
is reduced and incoming solar radiation has a larger warming
impact as the cooling resulting from evaporation is reduced
and excess heat accumulates and amplifies the warming and
the drying impact of the warming (Miralles and others, 2014).

Climate-model projections indicate increased aridity in
the United States, particularly in the Southwestern United
States (Gangopadhyay and others, 2021). Increases in drought
duration and drought severity (Overpeck and Udall, 2020)
will coincide with increased aridity. Increases in aridity and
drought will lead to decreased water availability, especially
in the Southwestern United States, and continued warming
will contribute to more widespread, prolonged, and severe dry
spells (Overpeck and Udall, 2020).

Terrestrial Water-Vapor Recycling—The Role of
Forest Cover

Terrestrial moisture recycling is a significant feedback
in the water cycle, but is difficult to quantify, therefore
estimates of the magnitude of recycled moisture fluxes vary.
Globally, terrestrial evaporation and transpiration sources
account for 40 percent of rainfall falling over land (van der
Ent and others, 2010). Another global estimate indicates that
evapotranspiration returns 57 percent of the rain that falls
over land to the atmosphere, and 70 percent of that moisture
rains back onto land (te Wierik and others, 2021). Gorski
and others (chap. B, 2025) estimated that about 63 percent
of precipitation that falls on CONUS annually returns to the
atmosphere through evapotranspiration. In the United States,
the amount of terrestrial moisture that recycles within the
Nation is 19 percent, with 71 percent of the total atmospheric
moisture sourced from the ocean and minor amounts from
Canada (2 percent), Mexico (4 percent) and other land (4
percent; Keys and others, 2017). Drought, deforestation, and
land-use decisions that decrease evapotranspiration ultimately
reduce the return of water vapor to the atmosphere and its
transport to downwind regions. This pattern can result in less
precipitation downwind, which can lead to a greater spatial
range of drought conditions (Herrera-Estrada and others,
2019). In a recent review of the effects of land-use change
on terrestrial moisture recycling, te Wierik and others (2021)

noted that most studies have been in the tropics; a knowledge
gap exists for temperate and arid regions, and the driving
factors and processes are under-researched.

Forests play a key role in the water cycle, as well as
regulating surface temperatures and providing critical carbon
sequestration services (Bonan, 2008). Although most forest
types have low surface albedo, which can contribute to
warmer surface temperatures, the evaporative cooling services
provided by forest can help offset absorbed energy and are
often not provided by alternative high-albedo, land-cover
types. Changes in forest health and composition influenced
by increased evaporative demand and reduced soil moisture
have introduced extreme fire risk (Holden and others, 2018;
McEvoy and others, 2020; Nolan and others, 2020), which can
be exacerbated by historic land-management decisions, such
as fire suppression (Wehner and others, 2017). In the United
States, extreme heat, drought, and wildfire are interrelated
primary threats to maintaining forest cover and its ecosystem
services (see sidebar 3).

Fire weather, the collection of CIDs that increase the
probability of ignition and spread of wildfires, has increased
in regions including the United States, Australia, northern
Eurasia, southern Europe, and the Amazon, and is projected to
increase globally with continued climate change (Abatzoglou
and others, 2019; Seneviratne and others, 2021). In addition to
increased fire weather, Jolly and others (2015) found evidence
of an 18.7 percent increase in global mean fire-season length
from 1979 to 2013 (Jolly and others, 2015). In 2020 alone, the
August Complex Fires burned more than 1 million acres in
California (Safford and others, 2022), and Australia lost almost
20 million acres in the Black Summer fires, one of the largest
fire occurrences in global history (Godfree and others, 2021).
Although fires in the United States pose the greatest threat in
Western States and Alaska (Wehner and others, 2017), the total
number of fires has increased across the entire United States
over the past 2 decades (Iglesias and others, 2022; sidebar 3).

Although fire weather and wildfire risk are projected
to increase with high confidence (Seneviratne and others,
2021), there is less certainty about how the wildfires may
impact hydrologic processes in the future. Wildfires can
increase hydrophobicity of soils, which has been found
to have impacts on overland flow, subsurface flow, and
streamflow post-fire (Havel and others, 2018; Ebel, 2020;
Williams and others, 2022). In a recent review of post-fire
changes in the Western United States, Williams and others
(2022) noted as much as a 30 percent increase in stream runoff
post-fire on average, lasting for as many as 6 years. Havel
and others (2018) reported as much as 75 percent increases
in stream discharge volume (measured in cubic meters per
year) post-fire following the 2012 fires in northern Colorado.
While examining infiltration recovery post-fire in Colorado,
Ebel (2020) noted elevated excess runoff risk for as much
as 5 years post-fire, with the greatest risk occurring during
the first 2 years after the fire and subsequently decreasing in
following years.
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vSidebar 3. Wildfire, Forests, and the Water—-Energy Balance

increase with continued climate change. Fire weather Great Plains

includes increased temperatures, prolonged drought,
windy conditions, and increased aridity; these compounding
climatic impact drivers (CIDs) facilitate the start and spread
of wildfires. In recent decades, increasing temperature and
decreasing precipitation have increased aridity, reduced \
soil moisture, and impacted forest health and composition. East
These conditions, in addition to land-management decisions,
have introduced extreme fire risk and wildfires have since
become more frequent, larger, and more severe globally. In
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Although fire weather and frequency have increased,
existing evidence on how the wildfires may in turn impact
hydrologic processes is limited given the relatively recent
changes in wildfire magnitude. Lag time between system
impact and recovery limits confidence in reported trends.
The impact of wildfire on regional moisture balances through
loss of transpiration is difficult to determine; however, a \ -
growing body of evidence on the hydrologic impacts of
wildfires has indicated changes in post-fire flows, often
resulting from increased hydrophobicity of soils and changes
in water quality. Elevated risks of increased streamflow, West
overland flow, and drinking water quality impairments can
last multiple years post-fire. In addition to these impacts,
wildfires can affect surface energy balance by exposing
underlying land (see fig. S3.2) and depositing light-absorbing
residue, such as ash, on snowpack, ultimately leading EXPLANATION
to earlier melting of snowpack and increasing rates of
permafrost thaw. Effects from wildfire debris can last for
more than 1 decade post-fire.
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Residue that remains post-fire (for example, ash, black
carbon, other debris) can affect surface energy balance,
especially when deposited on land cover with high surface
albedo such as snowpack. Gleason and others (2019) reported
early melting of snowpack in the Western United States
from post-fire debris decreasing snow albedo and increasing
absorbed energy, with impacts potentially lasting for more
than 1 decade post-fire. Wildfires have been found to increase
the rate of permafrost thaw in Alaska (Brown and others,
2015) and Canada (Zhang and others, 2015; Gibson and
others, 2018), leading to the expansion of thermokarst bog and
increasing vulnerability to surface collapse. Wildfire activity
is projected to increase for the remainder of the century across
most of the Alaskan tundra and boreal regions as interactions
between water, climate, and shifting vegetation patterns
influence future fire intensity and frequency (Meredith and
others, 2019).

Wildfires threaten not only hydrologic processes
influencing quantity and water distribution but also affect
water quality. Increases in runoff from charred forests can lead
to greater debris flows (Ebel, 2020) and elevated turbidity
and stream nitrogen (nitrate and total dissolved nitrogen) and
carbon (Rhoades and others, 2018). Wildfire effects on stream
nutrients have been found to continue for more than 1 decade
post-fire, with implications for ecosystem health (Rhoades
and others, 2018). Pennino and others (2022) reported
that wildfires impair drinking water quality, finding that
concentrations of nitrate, arsenic, disinfection byproducts, and
volatile organic compounds violated maximum contaminant
levels in public water systems located downstream from
burned areas. These impacts, which were documented across
the United States, can last for many years after the fire.

The degree of impact and regional change from wildfires
will depend on the magnitude and severity of the fire and
the size of the burned area. Extreme wildfires (in intensity
or extent) may produce climate feedbacks driving drier
conditions or reaching ecological tipping points, ultimately
changing structure and function of vegetation post-fire; see
sidebar 3, Davis and others (2019), and Godfree and others
(2021). Integration of wildfires into climate models has been
limited until recently and has proven to be challenging because
of the variable roles of human behavior related to fire ignition,
fire suppression, and other-land use factors (Teckentrup and
others, 2019).

These themes have been explored more broadly in forest
loss research, with strong evidence of reduced precipitation
after large-scale deforestation in the tropics (Spracklen and
Garcia-Carreras, 2015; Ruiz-Vasquez and others, 2020; Smith
and others, 2023). There is also evidence of self-amplified
forest loss with reduced precipitation and large-scale
forest loss (Zemp and others, 2017) although exact tipping
points are uncertain. A recent assessment examining links
between changes in precipitation and global tropical forest
deforestation indicated evidence of reduced precipitation
with forest losses of 50-km scale or greater (Smith and
others, 2023), and projected that future deforestation could

cause 8—10 percent declines in precipitation over the 21st
century, with an estimated rate of 0.25 millimeters per
month precipitation decline for every 1 percent forest loss
at or greater than the 200-km scale. Understanding these
feedbacks and tipping points will be critical for improved
vegetation-atmospheric coupling in climate models and to
assist with climate mitigation and water security.

Summary

In this chapter, we distilled and synthesized results of
the global and national climate assessments to highlight
water-supply issues of particular concern to the United
States, and to introduce a framework to guide and support
trend analysis and modeling predictions for future water
availability. This chapter aligns with the conclusions of the
Water chapter of the Intergovernmental Panel on Climate
Change Sixth Assessment Report that continuation of research
on groundwater recharge, the role of plant physiology in
land-atmosphere water exchange, land use changes, dams,
and irrigation will improve future projections of the terrestrial
water cycle. Our synthesis of the climate assessment reports
and recent research from the published literature explains the
key processes linking climate change to water availability.
We compiled water-cycle-related Climatic Impact Drivers
(CIDs), which can be used to develop indices and thresholds
of significant change in water availability, reviewed concepts
of tipping points and self-reinforcing or amplifying feedbacks,
and highlighted three complex regional-scale processes that
are likely to affect water availability in the United States with
increasing global warming.

Increases in temperature contribute to extreme
heat and increases in aridity, particularly in the Western
United States, and drive most of the predominant and
highest-confidence impacts on the water cycle, involving
precipitation, streamflow, and cryosphere changes. The
frequency and intensity of heavy precipitation events across
the conterminous United States have increased, as has the
land area affected by extreme precipitation. Climate-model
projections suggest that the frequency and intensity of heavy
precipitation events across the United States will continue
to increase during the 21st century. Confidence in specific
future changes in streamflow is not high, however, because
in addition to precipitation and temperature changes, land-
and water-use decisions factor into regional variability in
streamflow amounts and timing across the United States. In
the cryosphere, glaciers are projected to continue to decline
and disappear as surface air temperatures continue to increase.
Thawing of Artic near-surface permafrost is projected to
continue throughout the century and result in increased
subsidence and erosion, changes in groundwater and surface
water availability, and release of the greenhouse gases carbon
dioxide and methane, amplifying global warming. Climate
change has substantially contributed to declines in snow
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extent, the duration of snow cover, and the fraction of winter
precipitation that occurs as snow. As increasing temperatures
drive declines in snowpack, the duration and frequency
of snow droughts will increase. Streamflow patterns are
expected to continue changing, although with high variability,
with increasing temperature and aridity, and as extreme
precipitation events and droughts become more frequent.
Understanding the connection between shallow groundwater
and streamflow is increasingly important as groundwater
pumping changes the natural water cycle by capturing
streamflow or adding water to the land surface through
irrigation. Understanding water-resource sustainability and
impacts of future climate change requires better quantification
of fluxes between groundwater and surface-water systems.

Regional-scale, land-atmosphere interactions are difficult
to observe and measure, and improving model representation
of these processes can lead to insights on large-scale climate
impacts on water availability and their cascading effects. The
three processes discussed in this chapter are (1) mountains
and coastal systems as focal points for land-atmosphere
interactions important to water availability for large
populations, (2) intensification of aridity and drought through
climate feedbacks, and (3) rapid change in forest land cover
resulting from wildfire or deforestation and its impact on
water-vapor recycling and transport.

This chapter highlights the major climate-driven impacts
on the water cycle and provides background information
for design of hydrological modeling scenarios for future
water availability. Toward that effort, an analysis of where
Earth-system models are not capturing observed climate
effects on the water cycle (especially amplifying feedbacks
and extremes) for U.S. regions would point to priorities for
scenario development. Similarly, the compilation of thresholds
for adverse impact for water-availability relevant CID indices
in each U.S. region and the conducting of an evaluation of
current observations compared to those thresholds would
allow development of an updatable assessment of future
water-availability risks.
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Glossary

Adaptation “In human systems, the process
of adjustment to actual or expected climate
and its effects, in order to moderate harm or
exploit beneficial opportunities. In natural
systems, the process of adjustment to actual
climate and its effects; human intervention
may facilitate adjustment to expected
climate and its effects.” (Intergovernmental
Panel on Climate Change [IPCC] Glossary;
Intergovernmental Panel on Climate Change,
2021b, p. 2216.)

Aridity The degree to which a regional
climate is characterized by a lack of available
water necessary to promote life, measured by
long-term average precipitation supply and
evapotranspiration demand.

Atmospheric Evaporative Demand (also
PET; atmospheric demand) is the amount of
water vapor that the atmosphere can hold

at saturation for a specific temperature

and pressure. Itis calculated with an
evapotranspiration formulation that generally
includes a reference crop coefficient, and
temperature, humidity, wind speed, and
incoming solar radiation.

Attribution Attribution is defined as
the process of evaluating the relative
contributions of multiple causal factors
to a change or event with an assessment
of confidence (see “Confidence” entry;
from Intergovernmental Panel on Climate
Change, 2021a).

CID Climatic impact driver. These are
physical-climate system conditions such as
means, extremes, or events that can impact
humans and (or) ecosystems across system
elements, regions, and societal sectors. There
are seven CID types: (1) heat and cold; (2) wet
and dry; (3) wind; (4) snow and ice; (5) coastal;
(6) open ocean, and (7) other. Several of these
types directly relate to the water cycle. For
example, some of the wet and dry type CIDs
are mean precipitation, fire weather, and
agricultural and ecosystem drought. Example
sectors include (1) terrestrial and freshwater
ecosystems and their services; (2) water; and
(3) cities, settlements, and key infrastructure
(Ranasinghe and others, 2021, table 12.2).

Climate prediction A climate prediction or
climate forecast is the result of an attempt to
produce (starting from a particular state of
the climate system) an estimate of the actual
evolution of the climate in the future; for
example, at seasonal, interannual or decadal
time scales. Because the future evolution of
the climate system may be highly sensitive
to initial conditions, has chaotic elements,
and is subject to natural variability, such
predictions are usually probabilistic in nature
(from Intergovernmental Panel on Climate
Change, 2021a).

Climate projection Simulated response of
the climate system to a scenario of future
emissions or concentrations of greenhouse
gases and aerosols and changes in land
use, generally derived using climate models.
Climate projections are distinguished from
climate predictions by their dependence

on the emission/concentration/radiative
forcing scenario used, which is in turn based
on assumptions concerning, for example,
future socioeconomic and technological
developments that may or may not be realized
(from Intergovernmental Panel on Climate
Change, 2021a).

CMIP6 Coupled Model Intercomparison
Project Phase 6. A climate modelling activity
from the World Climate Research Programme,
which coordinates and archives climate
model simulations based on shared model
inputs by modelling groups from around the
world. The CMIP Phase 3 (CMIP3) multi-model
dataset includes projections using Special
Report on Emissions Scenarios. The CMIP
Phase 5 (CMIP5) dataset includes projections
using the Representative Concentration
Pathways (RCPs). The CMIP6 phase involves
a suite of common model experiments as

well as an ensemble of CMIP-endorsed
Model Intercomparison Projects (MIPs; from
Intergovernmental Panel on Climate Change,
2021a). CMIP6 produces higher resolutions in
the atmosphere and oceans, better represents
physics and aerosols, and improves climate
sensitivity than in CMIP5 models.



Confidence The robustness of a finding
based on the type, amount, quality and
consistency of evidence (for example,
mechanistic understanding, theory, data,
models, expert judgement) and on the
degree of agreement across multiple lines
of evidence. In the IPCC ARG report and for
IPCC findings summarized in the present
chapter, confidence is expressed qualitatively
(from Intergovernmental Panel on Climate
Change, 2021a).

CONUS The conterminous United States of
America, not including Alaska, Hawaii, and
the U.S. territories of Puerto Rico, U.S. Virgin
Islands, and U.S. Pacific Islands.

Drought Droughtis an extended period of
decreased precipitation and streamflow long
enough to cause water shortage for people
and natural systems. The following definitions
for types of drought are all available at
https://drought.unl.edu/Education/Tutorials/
Usdm.aspx (U.S. Drought Monitor, 2023):

Agricultural drought This type of
drought links the characteristics of
meteorological drought to agriculture or
landscapes. Agricultural drought focuses
on precipitation shortages, evaporative
demand, and soil moisture deficits. This
type of drought is also dependent upon
plant type, stage of growth, and soil
properties.

Ecological drought This type of drought
results from prolonged and widespread
deficit in naturally available water supplies
that creates multiple stresses across
ecosystems.

Flash Drought Rapid onset,
intensification, and severity of drought
occurring over a relatively short timescale,
usually within a few days or weeks.

Hydrological drought Hydrological
drought is associated with the effects of
rain and snow shortfalls on streamflow,
reservoir and lake levels, and groundwater.
Because it takes longer for precipitation
deficiencies to show up in other
components of the hydrological system,
this type of drought can be out of phase
with the other types of drought.

Meteorological drought Meteorological
drought is determined by the lack of
precipitation and how conditions such as
temperature and winds affect the amount
of moisture. It is expressed in relation

to the average conditions for a region.
Meteorological drought is region-specific
since precipitation is highly variable from
region to region. For example, a location
in Florida may receive more rainfall during
a drought than a location in New Mexico
receives during an entire year.

Socioeconomic drought Socioeconomic
droughtincludes the impact of drought

on the economy related to supply and
demand. Although people typically think
of agricultural products, drought can also
affect hydroelectric energy generation,
ethanol production, and numerous other
items. Additionally, drought impacts
tourism, public health, infrastructure, and
many other components of society.

Environmental Flow Requirement The flow
conditions found to be important to sustaining
thriving populations of an aquatic species are
called the environmental flow requirements.
Flow regime is a major determinant of the
physical habitat of surface water bodies,
which in turn heavily influences the biotic
composition of those ecosystems.

Evapotranspiration The sum of evaporation
and transpiration, the processes through
which liquid water or ice is transferred

as water vapor to the atmosphere from

open water, ice surfaces, bare soil, and
vegetation on the Earth's surface. Potential
evapotranspiration (PET) is the potential rate
of water loss from wet soils and from plant
surfaces; it is synonymous with atmospheric
demand. Actual evapotranspiration (AET) is
limited by water supply.

Exposure The presence of people;
livelihoods; species or ecosystems;
environmental functions, services, and
resources; infrastructure; or economic,
social, or cultural assets in places and
settings that could be adversely affected
(from Intergovernmental Panel on Climate
Change, 2021a)
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Greenhouse gases (Gaseous constituents
of the atmosphere, both natural and
anthropogenic, that absorb and emit
radiation at specific wavelengths within

the spectrum of radiation emitted by the
Earth's surface, by the atmosphere itself,

and by clouds. This property causes the
greenhouse effect. Water vapor (H,0),
carbon dioxide (CO,), nitrous oxide (N,0),
methane (CH,) and ozone (0,) are the primary
greenhouse gases in the Earth’s atmosphere.
Humanmade greenhouse gases include
sulfur hexafluoride (SF;), hydrofluorocarbons
(HFCs), chlorofluorocarbons (CFCs), and
perfluorocarbons (PFCs); several of these are
also 0;-depleting and are regulated under the
Montreal Protocol (from Intergovernmental
Panel on Climate Change, 2021a).

IPCC The Intergovernmental Panel on
Climate Change (IPCC) is an international body
within the United Nations for the scientific,
technical and socioeconomic assessment of
climate change on Earth.

IPCC AR6 The IPCC prepares
comprehensive Assessment Reports

about the state of scientific, technical and
socioeconomic knowledge on climate change
including observations and trends, impacts
and future risks, and strategies for reducing
the rate at which climate change is taking
place. The ARG (Sixth Assessment Report) is
the most recent set completed during 2021-23.

NCA4, NCA5 The National Climate
Assessments are quadrennial reports required
by the Global Change Research Act of 1990
integrating program findings including effects
of global change and a trend assessment,
produced by the USGCRP (see “Glossary”
entry). The fourth assessment, NCA4, was
delivered in two volumes: (1) the Climate
Science Special Report, in 2017; and (2)
Impacts, Risks, and Adaptation in the United
States, in 2018 The fifth assessment was
published in late 2023 (U.S. Global Change
Research Program, 2017, 2018, 2023).

Overland flow Rainfall that does not
infiltrate and flows over land until it reaches

a surface depression (wetland, pond, lake),
storm drain, or stream channel. There are two
subtypes: (1) saturation excess overland flow
(soil pores are full and cannot accept more
water) and (2) infiltration excess overland
flow (rain is falling at a rate much higher than
the infiltration rate). Flow over impervious
surfaces (cityscapes, bare rock) is included in
the definition and can be termed urban runoff.

PDSI Palmer Drought Severity Index is a
standardized regional drought index used to
study the areal extent and severity of drought
events at various levels of wetness and
dryness. Precipitation and temperature data
are used to estimate relative dryness and
evaluate moisture demand and supply from a
simple water balance model. The index was
not designed for high relief landscapes but
can be effective for determining long-term
drought in low and middle latitudes.

Pluvial Usually refers to an interval of
relatively high precipitation within a timeframe
of decades to thousands of years. Pluvials

are often associated with glacial stages of
the Quaternary, particularly in the Western
United States.

Radiative forcing The change in the net,
downward minus upward, radiative flux
(expressed in W m2) due to a change in an
external driver of climate change, such as a
change in the concentration of carbon dioxide
(C02), the concentration of volcanic aerosols,
or the output of the Sun. The stratospherically
adjusted radiative forcing is computed with

all tropospheric properties held fixed at their
unperturbed values, and after allowing for
stratospheric temperatures, if perturbed, to
readjust to radiative-dynamical equilibrium.
Radiative forcing is called instantaneous if

no change in stratospheric temperature is
accounted for. The radiative forcing once both
stratospheric and tropospheric adjustments
are accounted for is termed the effective
radiative forcing (from Intergovernmental
Panel on Climate Change, 2021a).



RCP Representative Concentration
Pathway. The RCP is a greenhouse gas
concentration trajectory adopted by the

IPCC (Intergovernmental Panel on Climate
Change). Four pathways (RCP2.6, RCP4.5,
RCP6 and RCP8.5) describing different climate
futures, were used for climate modeling and
research for the IPCC AR5 and the National
Climate Assessments Four and Five. These
labels come from a possible range of radiative
forcing values for the year 2100. Additional
pathways are being considered. Mid- and
late-21st century projections of global
warming and global mean sea-level rise have
been evaluated. For further information see
Chen and others (2021) and Intergovernmental
Panel on Climate Change (2021b).

Risk The probability of a negative or harmful
event occurring, its probable frequency,

and the magnitude of resulting damages.
This includes the potential for adverse
consequences for human or ecological
systems, recognizing the diversity of values
and objectives associated with such
systems. In the context of climate change,
risks can arise from potential impacts of
climate change as well as human responses
to climate change. Relevant adverse
consequences include those on lives,
livelihoods, health and well-being, economic,
social and cultural assets and investments,
infrastructure, services (including ecosystem
services), ecosystems and species. (from
Intergovernmental Panel on Climate

Change, 2021a)

Runoff A term generally understood in water
budgets and watershed hydrology to mean
water that leaves the basin through stream
channels rather than by evapotranspiration
or groundwater flow. It can also mean stream
discharge divided by drainage basin area,
yielding flow in units of length per unit of
time. Runoff may include (1) overland flow
(downslope flow of water on the surface of
the soil); (2) storm runoff (streamflow from a
rainfall event over and above the discharge
that would have occurred without a rainfall
event, which may involve surface and
subsurface flow processes and “new” event
and “old” stored groundwater contributions);
and (3) surface runoff (the contribution to
streamflow from overland flow; Beven, 2012).

Sensitivity In the context of climate
variability and change, the degree to which
a system or species is affected positively
or negatively. The effect may be direct

in response to a change in a parameter
such as temperature or indirect such as
damages caused by increasing frequency
of coastal flooding from sea-level rise
(Intergovernmental Panel on Climate
Change, 2021a).

SWE Snow water equivalent (SWE) is the
depth of water that would cover the ground if
the snow was liquid water. SWE is estimated
by various methods including melted water
content of a volume of snow taken as a core
of known length, by weight of accumulated
snow on a sensor, or by airborne remote
sensing combined with ground-based,
snow-density measurements.

SSPs Shared Socioeconomic Pathways

are five future scenarios reflecting varying
levels of development, inequality, and regional
competition used in climate model projections
to account for policy decisions and other
socioeconomic developments. Descriptions
of the scenarios are adapted from Chen and
others (2021, cross chapter box 1.4):

SSP1-1.9 Holds warming to approximately
1.5 degrees Celsius (°C) above 1850-1900

in 2100 after slight overshoot (median) and
implied net zero CO, emissions around the
middle of the century.

SSP1-2.6 Stays below 2.0 °C warming
relative to 1850-1900 (median) with implied
net zero CO, emissions in the second half
of the century.

Glossary
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SSP2-4.5 Scenario approximately in

line with the upper end of aggregate
Nationally Determined Contribution (NDC)
emissions levels by 2030. CO, emissions
remaining around current levels until the
middle of the century. The SR1.5 assessed
temperature projections for NDCs to be
from 2.7 to 3.4 °C by 2100, corresponding to
the upper half of projected warming under
SSP2-4.5. New or updated NDCs by the
end of 2020 did not significantly change the
emissions projections by 2030, although
more countries adopted 2050 net zero
targets in line with SSP1-1.9 or SSP1-2.6.
The SSP2-4.5 scenario deviates mildly from
a “no-additional-climate-policy” reference
scenario, resulting in a best-estimate
warming around 2.7 °C by the end of the
21st century relative to 1850—-1900.

SSP3-7.0 An intermediate-to-high
reference scenario resulting from no
additional climate policy under the SSP3
socioeconomic development narrative.
CO, emissions roughly double from current
levels by 2100. SSP3-7.0 has particularly
high non-CO, emissions, including high
aerosol emissions. Projected global
warming levels could exceed 3 °C relative
to the 1850-1900 baseline by the end of the
21st century (Chen and others, 2021).

SSP5-8.5 A high-reference scenario with
no additional climate policy. CO, emissions
roughly double from current levels by 2050.
Emissions levels as high as SSP5-8.5 are
not obtained by integrated assessment
models (IAMs) under any of the SSPs other
than the fossil-fueled SSP5 socioeconomic
development pathway. Projected global
warming occurs at a faster rate than

with other scenarios and could exceed

4 °C relative to the 1850-1900 baseline

by the end of the 21st century (Chen and
others, 2021).

Streamflow A general term for water
flowing in a natural channel of any size, from
small headwaters to large rivers.

Stream discharge Streamflow measured as
volume per unit time. U.S. Geological Survey
streamgages report discharge in cubic feet
per second or cubic meters per second.

Specific discharge Stream discharge
divided by drainage basin area to yield units
of flow in length (millimeters [mm]), for use in
water balance calculations with rainfall, snow
water equivalent, evapotranspiration, etc.;
also measured in mm.

Tipping point A critical threshold beyond
which a system reorganizes, often abruptly
and(or) irreversibly (Intergovernmental Panel
on Climate Change, 2021a).

USGCRP The U.S. Global Change Research
Program is a Congressionally mandated
Federal program that coordinates research
and investments across the Federal
government to understand, assess, predict,
and respond to forces shaping global change,
both human and natural, and the impacts on
society. It is overseen by the National Science
and Technology Council of the Office of the
President.

Vulnerability The propensity or
predisposition to be adversely affected.
Vulnerability encompasses a variety of
concepts and elements including sensitivity
or susceptibility to harm and lack of capacity
to cope and adapt (from Intergovernmental
Panel on Climate Change, 2021a).
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