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Abstract

Globally, thermodynamics explains an increases in atmospheric water vapour with warming of around 7%
per °C near to the surface. In contrast, global precipitation and evaporation are constrained by the Earth’s
energy balance to increase at ~2-3% per °C. However, this rate of increase is suppressed by rapid
atmospheric adjustments in response to greenhouse gases and absorbing aerosols that directly alter the
atmospheric energy budget. Rapid adjustments to forcings, cooling effects from scattering aerosol and
observational uncertainty can explain why observed global precipitation responses are currently difficult to
detect but are expected to emerge and accelerate as warming increases and aerosol forcing diminishes.
Precipitation increases with warming are expected to be smaller over land than ocean due to limitations on
moisture convergence, exacerbated by feedbacks and affected by rapid adjustments. Thermodynamic
increases in atmospheric moisture fluxes amplify wet and dry events, driving an intensification of
precipitation extremes. The rate of intensification can deviate from a simple thermodynamic response due to
in-storm and larger-scale feedback processes while changes in large-scale dynamics and catchment
characteristics further modulate the frequency of flooding in response to precipitation increases. Changes in
atmospheric circulation in response to radiative forcing and evolving surface temperature patterns are
capable of dominating water cycle changes in some regions. Moreover, the direct impact of human activities
on the water cycle through water abstraction, irrigation and land use change are already a significant
component of regional water cycle change and are expected to further increase in importance as water
demand grows with global population.
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Expected water cycle response to climate change
Introduction

The global water cycle describes a continual circulation of water through Earth’s atmosphere, surface and
sub-surface that taps into the vast stores residing in the ocean, large bodies of ice and deep within the ground.
This cycle also determines smaller, more transient, yet life-sustaining stores in rivers and lakes, the upper
layers of soil and rock as well as within animals and vegetation (Fig. 1a). Precipitation over land is strongly
dependent on the transport of water vapour from the ocean (Gimeno et al., 2012) and the return flow is
primarily through rivers (Fig. 1b). The water cycle is influenced by natural variations in the sun and volcanic
eruptions as well as fluctuations internal to the climate system and there is abundant evidence from the
paleoclimate record of substantial past changes (Buckley et al., 2010; Haug et al., 2003; Pederson et al.,
2014). Water cycle changes are increasingly becoming dominated by human activities, indirectly through
climatic response to emissions of greenhouse gases and aerosol particles but also directly from interference
with the land surface and the extraction of water from the ground and river systems (Fig. 1b) for agricultural,
industrial and domestic use (Abbott et al., 2019; Asoka et al., 2017; Li et al., 2018).

While global mean precipitation changes are determined by Earth’s energy balance, regional changes are
dominated by the transport of water vapour and dynamical processes (Gimeno et al., 2012), particularly at
scales smaller than ~4000km (Dagan et al., 2019a). Changes in weather patterns are further determined by
altering heating and cooling patterns throughout the atmosphere and across the planet’s surface. As the
climate changes, these competing constraints operating at global and local scales alter key water cycle
characteristics, such as precipitation frequency, intensity and duration (Kuo et al., 2015; Pendergrass and
Hartmann, 2014b). Future water availability, for use by societies and the ecosystems upon which they
depend, is further influenced by increased evaporative demand by the atmosphere (Scheff and Frierson,
2014) but also an increased efficiency of water use by plants in response to elevated CO; levels (Lemordant
et al., 2018; Milly and Dunne, 2016). Societies experience impacts through localized changes in water
availability that are controlled by large-scale atmospheric circulation as well as smaller-scale physical
processes. At regional to local scales, water cycle changes therefore result from the interplay between
multiple drivers (CO-, aerosols, land use change and human water use). A primary focus here is on reviewing
recent advances in understanding how these complex interactions are expected to determine responses in the
global water cycle.

Hydrological sensitivity at the global scale

The Clausius Clapeyron equation is a dominating thermodynamic constraint on atmospheric water vapour.
Prevalent increases in atmospheric water vapour with warming (Hartmann et al., 2013) drive powerful
amplifying climate feedbacks, intensify atmospheric moisture transport and associated heavy precipitation
events and increase atmospheric absorption of sunlight and emission of infrared radiation to the surface that
modulate global-scale evaporation and precipitation responses (Boucher et al., 2013; Collins et al., 2013).
Simulations and observations confirm a thermodynamic increase in water vapour close to 7 %/°C at low
altitudes when averaged over global scales (Allan et al., 2014). This sensitivity varies depending on the
radiative forcing agent and associated warming pattern: for column integrated water vapour it ranges from
6.4+1.5%/°C* for sulphate aerosol forcing to 9.8+3.3%/°C for black carbon based on idealised modelling
(Hodnebrog et al., 2019). Changes over global land are below the thermodynamic response since relative
humidity is expected to decrease due to greater land-sea warming contrast (Byrne and O’Gorman, 2018) that
is amplified by land surface feedbacks (Berg et al., 2016). Multi-model coupled CMIP5 simulations
underestimate declining relative humidity observed over global land (Douville and Plazzotta, 2017; Dunn et
al., 2017). This discrepancy also applies to atmosphere-only experiments applying observed sea surface
temperature (SST): a single model simulated a -0.05 to -0.25 %/decade trend (1996-2015) compared with an
observed estimate of -0.4 to -0.8 %/decade (Dunn et al., 2017). It is not clear if this discrepancy is explained
by potential deficiencies in representing ocean to land moisture transport (Vanniere et al., 2018), land-
atmosphere coupling (Berg et al., 2016) or inhomogeneity of the observational records (Willett et al., 2014).

1 5-95% confidence range is used unless otherwise stated, estimated as 1.645 times standard deviation across models.
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Figure 1: Depiction of the global water cycle: (a) stores (in thousands of km?) and (b) fluxes (thousands of
km? per year) based on previous assessments (Abbott et al., 2019; Rodell et al., 2015; Trenberth et al., 2011)

with minor adjustments for fresh groundwater flows (Zhou et al., 2019b) and increases in precipitation and
evaporation within quoted uncertainty based on observational evidence (Stephens et al., 2012).
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Expected water cycle response to climate change

In contrast to water vapour, global mean evaporation and precipitation are tightly linked to the atmospheric
and surface energy budgets rather than the Clausius Clapeyron equation (O’Gorman et al., 2012; Pendergrass
and Hartmann, 2014a). Latent heat released through precipitation is balanced by the net atmospheric
longwave radiative cooling minus the heating from absorbed sunlight and sensible heat flux from the surface
(Fig. 2a). Complementary energetic arguments apply for surface evaporation (Roderick et al., 2014; Siler et
al., 2018). The total global mean precipitation response to warming, or apparent hydrological sensitivity (7a,
Fig.2f) includes fast adjustments that scale with radiative forcing and slow temperature-driven responses to
the radiative forcings (Andrews et al., 2010; Bala et al., 2010; Cao et al., 2012). The fast response is caused
by near-instantaneous changes in the atmospheric energy budget and atmospheric properties (e.g.
temperature, clouds and water vapour; Fig. 2c) in direct response to the radiative effects of a forcing agent
(Sherwood et al., 2015). A further relatively fast response involves the land-surface temperature (Fig. 2d)
which responds more rapidly to radiative forcing than the ocean (Cao et al., 2012; Dong et al., 2014). The
land surface response depends on the partitioning of the increased net surface radiation between latent and
sensible heat and, thereby, on the land hydrology and the direct response of plants to elevated CO; (Berg et
al., 2016; Guerrieri et al., 2019). The slower global temperature-dependent precipitation response, or
hydrological sensitivity (5, Fig. 2f), is driven by the increased atmospheric radiative cooling rate of a
warming atmosphere (Fig. 2e).

At pheric energy Instantaneous Rapid Adjustments Semi-Rapid Adjustments Slow feedback responses

P=Q-S-H

Absorbed sunlight (S)
65-85Wm?

Y

Reduced longwave B}
radiative cooling (yQ) Altered atmospheric
wind patterns
Rapid atmosphéﬁé -
adjustments in cloud, Further adjustments in 44 Water Global:AP

Longwave radiative
cooling (Q)
176 - 200 Wm™

water vapour, cloud, water vapour, vapour
temperature temperature

Reduced hydrological
global Increased Land sensitivity less
Precipitation Temperature (AT} over land than
(WP) k\ L ., ocean ,

Increased
Cco,
Reduced
Precipitation ( ‘P)

Precipitation (P)
78 -98 Wm™

Sensible
Heat (H)
17-31

AEYH
Wm? s

Incxjeijseq land =5
precipitation(tR) o 3 Surface/vegetation
y {AH, ++E) Vegetation i, feedbacks
O response to+CO, WA OceantT
’ 0y, Land 4T

(¥4H,¥E)

Evaporation (E) [} 502,

n—hydrological sensitivity Reduced precipitation globally Increased global precipitation
n.—apparent hydrological sensitivity

2

Global Temperature

Altered precipitation patterns

°
‘ #.
Years to decade K‘

—_—

Days to months
Global Temperature

Precipitation

Precipitation
—e

f g

Figure 2: Schematic representation of responses of the atmospheric energy balance and global precipitation
to increases in CO2. The energy budget of the atmosphere (a) responds instantaneously to radiative forcings
(b) which leads to rapid atmospheric adjustments (c) and slower semi-rapid adjustments involving the land
surface and vegetation that further modify atmospheric circulation patterns (d). As the oceans respond to
radiative forcing, longer time-scale feedbacks involving the atmosphere, land and oceans alter the surface
and atmospheric energy balance, driving increased global evaporation and precipitation (e). This slow
response of precipitation to global mean surface temperature is quantified as the hydrological sensitivity, 1,
while the total precipitation response including initial fast adjustments is termed the apparent hydrological
sensitivity, na (f). The precipitation response over land and ocean develop over time (g-j) with land
hydrological sensitivity tending to be suppressed relative to the global mean.
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Expected water cycle response to climate change

The fast and slow responses in global precipitation can be illustrated with idealised experiments as part of the
6" phase of the Coupled Model Intercomparison Project (CMIP6) in which atmospheric concentrations of
CO; are instantaneously quadrupled (Fig. 3; simulations listed in Table 1). Global mean precipitation,
relative to a pre-industrial control, increase linearly with global mean temperature (Fig. 3, black dots and line
of best fit) at the rate of 2.7%/K and 2.3%/K in the two 4xCO, simulations (», Fig. 2f), consistent with
previous estimates of 2.1-3.1 %/K (Flaschner et al., 2016; Samset et al., 2018a). Although relatively well
understood physically, idealised modelling has recently uncovered the role of surface evaporation as a
limiting factor for the atmospheric warming that determines the magnitude of » (Webb et al., 2018). Climate
feedbacks also modulate the magnitude of # (O’Gorman et al., 2012). Model simulations may underestimate
n due to deficiencies in the representation of feedbacks from low-altitude cloud (Watanabe et al., 2018)
which are linked with hydrological sensitivity through their dependence on temperature lapse rate responses
(Webb et al., 2018). Uncertainty in the sensitivity of shortwave absorption by atmospheric water vapour to
temperature can explain much of the range in simulated hydrological sensitivity (DeAngelis et al., 2015)
although longwave feedbacks also contribute (Richardson et al., 2018a). Consistency in hydrological
sensitivity does however disguise contrasting regional responses that are particularly dependent on forcing
agent (Richardson et al., 2018a; Samset et al., 2018a).

Data set Period Resolution References
(this study) (lat, lon)

HadCRUT4v4.6 1979-2018 5 x5 (Morice et al., 2012)

HadCRUH 1979-2003 5x5 (Willett et al., 2008)

SSM/I 1988-2019 0.25° x 0.25° (Wentz et al., 2007)

ERA5 1979-2019 0.25° x 0.25° (Copernicus Climate Change Service
Climate Data Store (CDS), 2017)

GPCPv2.3 1979-2018 25 x25 (Adler et al., 2017)

AMIP6 simulations 1980-2014

* Pre-industrial control 30 years

*4xCO, >150 years

# Historical 1995-2014

# SSP2-4.5 2081-2100

BCC-CSM2-MR 1.125° x 1.125°  (Wu et al., 2019)

BCC-ESM1 2.81°x 2.81° (Wu et al., 2019)

CanESM5# 2.8 x 2.8 (Swart et al., 2019)

CESM2 0.94° x 1.25° (Gettelman et al., 2019)

CNRM-CM6-1 14 x 14 (Voldoire et al., 2019)

CNRM-ESM2-1 1.4 x 1.4 (Séférian et al., 2016, 2019)

GFDL-AM4 1.0° x 1.25° (Zhao et al., 2018b)

GISS-E2-1-G 20 x 25 (Elsaesser et al., 2017)

IPSL-CM6BA-LR* 1.25°x 25 Servonnat et al., 2020 in prep; Lurton
etal., 2020 in prep.

MIROC6 1.406° x 1.406°  (Tatebe et al., 2019)

MRI-ESM2-0** 1.125°x 1.125  (Yukimoto et al., 2019)

UKESM1-0-LL 1.25° x 1.875° (Kuhlbrodt et al., 2018)

Table 1: List of observations and simulations with references.

The apparent hydrological sensitivity (#a.) is reduced relative to hydrological sensitivity (;) by greenhouse
gases and absorbing aerosols which alter the atmospheric radiation balance, driving rapid adjustments in
global precipitation. A rapid adjustment in response to the quadrupling of atmospheric CO. concentration is
illustrated in Fig. 3: following the black regression line back to the y-axis implies a decrease in global
precipitation before global temperatures have begun increasing in response to the elevated CO; levels (-4.5%
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and -6.8% in the two simulations in Fig. 3). This reflects the rapid adjustments to the atmospheric heating
influence of CO; radiative forcing, most of which is transferred to the ocean through fast responses in
atmospheric vertical motion and circulation. Rapid adjustment effects on precipitation are less certain than
the slow responses to surface temperature (Andrews et al., 2010; Bony et al., 2013). The rapid adjustments
depend upon how each radiative forcing manifests throughout the atmosphere and surface and explains why
the apparent hydrological sensitivity is lower than the hydrological sensitivity for CO, forcing (Fig. 2f).
Despite uncertainty in the fast precipitation response to radiative forcing, similar spatial patterns are
simulated for greenhouse gas, solar and absorbing aerosol radiative forcings (Samset et al., 2016; Xie et al.,
2013).

(o) MRI-ESM2-0 (b) IPSL—CMBA—LR

200 1 m 1 20 "

Precipitation Change, AP (%)

of AP(globol)=—4.50+ 2.68AT(global)
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Figure 3: Precipitation changes for global mean (black) and land mean (grey) in response to global mean
temperature changes for a 4xCO; experiment relative to a 30-year mean pre-industrial control for (a) MRI-
ESM2-0 150 year experiment and (b) IPSL-CM6A-LR 900 year experiment (showing the first 300 and last
300 years) where each dot represents 1 year of data.

Climate drivers that primarily impact the surface rather than atmospheric energy budget initially produce
only a small rapid reduction in precipitation. Examples include solar forcing and sulphate aerosol which
produce larger 7. than drivers primarily modulating aspects of the atmospheric energy budget such as
greenhouse gases and absorbing aerosol (Lin et al., 2018; Liu et al., 2018a; Salzmann, 2016; Samset et al.,
2016). Thus, global precipitation appears more sensitive to radiative forcing from sulphate aerosols (2.8+£0.7
% per °C, na-n) than greenhouse gases (1.4+0.5 % per °C, 5a<n) while the response to black carbon aerosol
can be negative (-3.5+5.0 % per °C, 57a<<7) due to strong atmospheric solar absorption (Samset et al., 2016).
In four different climate models, the response to a complete removal of present day anthropogenic aerosol
emissions was an increase in global mean precipitation (. = 1.6-5.5% per °C), mainly attributed to the
removal of sulphate aerosol as opposed to other aerosol species (Samset et al., 2018b). 7, also depends on
the pattern of aerosol forcing. For example, increased Asian sulphates produce a larger global precipitation
response than for comparable aerosol changes over Europe (Liu et al., 2018b). The vertical profile of black
carbon and ozone influences the magnitude of the fast global precipitation response yet is more difficult to
observe and simulate (Allen and Landuyt, 2014; Maclintosh et al., 2016; Stjern et al., 2017). The range in
apparent hydrological sensitivity obtained from 6 simulations of the last glacial maximum and pre-industrial
period (7a=1.6-3.0 %/ °C) is greater than for a 4xCO, experiment (7a=1.3-2.6 %/ °C) in which larger CO-
forcing suppresses precipitation response due to fast adjustments (Li et al., 2013). However, thermodynamic
constraints on evaporation and contrasting vegetation and land surface states also play a role. A range of fast
precipitation adjustments to CO; between models are attributed to the response of vegetation, leading to a
repartitioning of surface latent and sensible heat fluxes (DeAngelis et al., 2016).

Hydrological sensitivity is generally suppressed over land (Fig. 2e-i) with a large range ( = 0.8-2.4 %/°C for
6 Total pages: 36
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CO; doubling experiments) relative to the global mean (7 = 2.3-2.7 %/°C) based on multiple simulations
(Richardson et al., 2018a; Samset et al., 2018a). This is partly explained by the greater warming over land
than oceans. Since oceans supply much of the moisture to fuel precipitation over land (Findell et al., 2019;
Gimeno et al., 2012), the slower ocean warming rate dictates that sufficient moisture cannot be supplied to
maintain continental relative humidity (Byrne and O’Gorman, 2018) leading to a drying influence that is
further amplified by land surface feedbacks (Berg et al., 2016). A weaker hydrological response over land is
important for aridity changes and presents a challenge for attribution of continental precipitation changes to
different climate forcings (Samset et al., 2018a).

The distinct response of water cycle responses over land is illustrated in Fig. 3 (grey dots/lines). An implied
rapid response in precipitation over land is more positive than the global rapid response in both model
simulations. However, one model simulates an initial increase of ~5% over land compared with 4.5%
decrease globally (Fig. 3a) while the other model simulates a decrease of ~3% over land compared to a 7%
initial decrease globally (Fig. 3b). The more positive initial precipitation response over land than globally
can be explained by rapid land warming, in part from increased surface downwelling longwave radiation
initially destabilizes the troposphere, strengthening vertical motion, moisture convergence and precipitation
over land in the short term (Chadwick et al., 2014; Richardson et al., 2016, 2018a). While the hydrological
sensitivity over land is similar to the global response in one model (Fig. 3b: #=2.3%/°C), the initial rapid
increase in precipitation over land in the other simulation (Fig. 3a) is offset over time through a lower
hydrological sensitivity over land (3=0.6 %/°C) compared to the global response (Fig. 3a). Continental
precipitation increases as a rapid response to CO- have been counteracted by past increases in anthropogenic
aerosols which reflect and absorb solar radiation at the expense of surface heating and evaporation of surface
moisture (Wild, 2012). The precise response depends upon the aerosol type: sulphate aerosols primarily cool
the surface whereas black carbon aerosols absorb sunlight, heating the atmosphere and this effect can
dominate over the surface cooling effect (Samset et al., 2016). Recent observations suggest the absorption
effects are important in explaining decreases in surface absorbed sunlight that reverse in Europe then China
in concert with action to reduce air pollution (Schwarz et al., 2020). Although aerosol cooling effects have
opposed rapid precipitation increases in response to direct CO, radiative forcing, these counteracting aerosol
effects are expected to diminish with future declining aerosol forcing (Acosta Navarro et al., 2017,
Richardson et al., 2018a; Rotstayn et al., 2015).

Advances in physical understanding of global precipitation responses can be used to interpret the present day
global water cycle changes. Global mean temperature and water vapour are closely coupled (Fig. 4a-b). The
linear fit between monthly deseasonalised column integrated water vapour and temperature (1988-2014) is
6.8+0.4 %/°C in the SSM/I satellite-based observations and 7.1+0.3 %/°C in an ensemble of 12 atmosphere-
only CMIP6 simulations (AMIP6 which apply observed sea surface temperature and sea ice plus realistic
radiative forcings; Table 1). This is close to that expected from thermodynamics, assuming small global
changes in relative humidity, and is substantially larger than the precipitation sensitivity of 3.2+0.8 %/°C in
GPCP observations and 2.0+0.2 %/°C in AMIP6 simulations. These are within the range of # from coupled
simulations (Flaschner et al., 2016; Samset et al., 2018a) but are not directly comparable since interannual
variability depends on cloud feedbacks specific to ENSO-related changes (Stephens et al., 2018). Also
shown are the ERADS reanalysis estimates which, for temperature, show broad consistency with the other
datasets. However, the ERAS depiction of a decrease in water vapour during the early 1990s and larger
trends and variability in global precipitation (Fig. 4b-c) are spurious based on analysis of an earlier reanalysis
version (Allan et al., 2014) underlining that global-scale water cycle trends in reanalysis products are not
realistic.
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Figure 4: Observed and simulated deseasonalised global mean changes in (a) surface air temperature, (b)
column integrated or near surface water vapour and (c) precipitation with 6-month smoothing and 1994-2000
reference period including AMIP6 ensemble mean (white line) with shading representing +1 standard
deviation over 11 models (Table 1) and ERAS reanalysis (Copernicus Climate Change Service Climate Data
Store (CDS), 2017). Observed near surface temperature is from HadCRUTV4.6 (Morice et al., 2012), column
integrated water vapour is from SSM/I satellite data (Wentz et al., 2007) over ice free oceans and ERA5
elsewhere, surface near surface specific humidity is from HadCRUH (Willett et al., 2008) and observed
precipitation from GPCP v2.3 (Adler et al., 2017) and based on previous methods (Allan et al., 2014).

el

Longer term trends are more relevant for expected climate change response yet are limited by the observing
system. Global mean warming of 0.15+0.01 °C/decade and 1.0£0.1 %/decade increases in moisture in the
observations and AMIP6 simulations (1988-2014) imply a water vapour response of 6.7+0.3 %/°C, very
close to thermodynamic expectations. Corresponding precipitation trends are not significant at the 95%
confidence level in the observations (0.3+0.2 %/decade) and AMIP6 simulations (0.14+0.06 %/decade)
though are consistent with the role of fast adjustments suppressing hydrological sensitivity in the near term
(Allan et al., 2014; Myhre et al., 2018). The implied apparent hydrological sensitivity () is 2.0£0.5 %/°C in
the observations and 0.94£0.2 %/°C in the simulations. Cooling effects of anthropogenic aerosol and rapid
adjustments to increases in greenhouse gases and absorbing aerosol reduce global mean precipitation,
offsetting increases relating to the warming climate. Multi-decadal trends in global precipitation for the
satellite era are therefore expected to be small and difficult to confirm due to observational uncertainty
(Allan et al., 2014) and changes in sensible heat flux become significant in determining the precise global
hydrological response (Myhre et al., 2018). The warming influence of continued rises in CO, concentration,
compounded by declining aerosol cooling, are expected to accelerate increases in global precipitation and its
extremes as the slow temperature-related responses dominate over rapid atmospheric adjustments to direct
radiative forcing effects as transient climate change progresses (Allan et al., 2014; Lin et al., 2018; Myhre et
al., 2018; Salzmann, 2016; Shine et al., 2015; Wilcox et al., 2020). The observational record in Fig. 4 is
consistent with physical understanding that global mean precipitation increases more slowly than water
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vapour content per degree of warming. This has important implications since it determines an increase in
water vapour lifetime (Hodnebrog et al., 2019) and altered precipitation characteristics in terms of regional
and seasonal duration, frequency and intensity (Pendergrass, 2018).

Thermodynamic constraints on regional precipitation minus evaporation patterns

An important implication of increased atmospheric water vapour with warming (Fig. 4b) is a corresponding
intensification of horizontal moisture transport that drives an amplification of existing precipitation minus
evaporation (P-E) patterns (Fig. 5). At the regional scale, positive P-E determines fresh water flux from the
atmosphere to the surface while negative P-E signifies a net flux of fresh water into the atmosphere.
Atmospheric moisture balance achieved primarily by horizontal moisture transport from net evaporative
ocean regions into wet convergence zones. At the global scale over the land surface, P-E is positive and
balanced by runoff and storage while over the ocean P-E is negative and balanced by runoff from the land
(Fig. 1b) with both factors influencing regional salinity.

A projected amplification of P-E zonal mean patterns over the oceans is explained by the thermodynamic
scaling of present day simulated P-E (solid and dashed lines in Fig. 5b). This amplification of zonal mean P-
E is corroborated by an observed “fresh get fresher, salty get saltier” salinity response to warming (Durack,
2015; Roderick et al., 2014; Skliris et al., 2016). This amplification is moderated by proportionally larger
evaporation increases over the sub-tropical oceans relative to the equatorial convergence zones and
weakening of the tropical circulation (Chadwick et al., 2013). Suppressed evaporation increases over low
latitudes (1% per °C) are partly explained by rapid adjustments to CO; increases and uptake of heat by the
ocean compared with high latitudes (Siler et al., 2018). At higher latitudes, evaporation is further increased
by the expansion of open water area as sea and lake ice melts with warming (Bintanja and Selten, 2014;
Lainé et al., 2014; Sharma et al., 2019; Wang et al., 2018). However, ocean stratification due to heating of
the upper layers from radiative forcing is identified as a mechanism for amplifying the salinity patterns
beyond the responses driven by water cycle changes alone (Zika et al., 2018). Amplified P-E patterns are
additionally reduced by atmospheric and ocean circulation changes that alter the locations of the wettest and
therefore freshest ocean regions. Spatial shifts in atmospheric circulation are therefore expected to modify
thermodynamic responses locally. This is consistent with paleoclimate evidence showing mean changes are
roughly in agreement with thermodynamic scaling (Li et al., 2013) while regional changes are dominated by
dynamics (Bhattacharya et al., 2017; D’ Agostino et al., 2019; DiNezio and Tierney, 2013; Scheff et al.,
2017). However, ice sheet responses also contribute to regional water cycle change over paleoclimate time-
scales (Lora, 2018; Morrill et al., 2018; Oster et al., 2015).

Over land, evaporation is regulated by energy fluxes over wet regions, with atmospheric vapour pressure and
aerodynamics playing an important role, but for drier regions evaporation is limited by surface water
availability (Greve et al., 2014; Roderick et al., 2014). Changes in P-E over drier continental regions are
consequently dominated by precipitation changes (Roderick et al., 2014) that are strongly determined by
alteration in atmospheric circulation. Projected changes in P-E patterns cannot be simply interpreted as a
“wet gets wetter, dry gets drier” response (Byrne and O’Gorman, 2015; Chadwick et al., 2013; Greve et al.,
2014; Roderick et al., 2014; Scheff and Frierson, 2015). In a simplistic sense, ocean regions experiencing
decreasing P-E cannot meaningfully be described as “dry” (Roderick et al., 2014) and over land “dryness” or
aridity is influenced by potential evaporation as well as precipitation (Greve and Seneviratne, 2015; Roderick
et al., 2014; Scheff and Frierson, 2015). However, a more fundamental objection to “dry gets drier” over
land is that P-E is generally positive and balanced by river discharge over multi-annual time-scales (Fig. 1b)
so increased moisture fluxes imply increased P-E with warming (Byrne and O’Gorman, 2015; Greve et al.,
2014; Roderick et al., 2014). It is however recognised that P-E may be negative during the tropical dry
season or extended dry spells (Kumar et al., 2015) as ground water is lost to a “more thirsty”” atmosphere due
to greater evaporative demand (Dai et al., 2018; Greve and Seneviratne, 2015; Scheff and Frierson, 2015)
and exported remotely. Thus, contrasting water cycle responses are expected for wet and dry periods at the
seasonal or sub-seasonal time-scale.
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Figure 5: Zonally-averaged changes in precipitation minus evaporation 8(P-E) over (a) land and (b)
ocean between the historical (1995-2014) and SSP2-4.5 (2081-2100) simulations (smoothed in latitude
using a three-point moving-average filter). The solid lines indicate the simulated changes, which are
averages between the CanESM5 and MRI-ESM2-0 models. Dashed lines are a simple thermodynamic
scaling, adTs(P-E) and dotted lines show an extended scaling (see Byrne and O’Gorman, 2015).

Decreases in soil moisture over many subtropical land regions are an expected response to a warming

climate (Collins et al., 2013). Decreases in P-E over land are explained by reductions in relative humidity
driven by increased land-ocean warming contrast and spatial gradients in temperature and humidity (Byrne
and O’Gorman, 2015, 2016; Lambert et al., 2017). A simple scaling accounting for these effects captures
more closely the simulated responses over subtropical and northern hemisphere land (Fig. 5a). Drying over
land is further amplified by vegetation responses (Berg et al., 2016; Byrne and O’Gorman, 2016) and reduces
moisture recycling (Findell et al., 2019). The control of soil moisture on evapotranspiration determines
feedbacks onto surface climate which vary across simulations (Berg and Sheffield, 2018) and can cause
delayed responses over multiple seasons (Kumar et al., 2019).

The response of vegetation to climate change and increased atmospheric CO; concentrations also determines
regional P-E as well as aridity. Depending on their response, plants may either amplify (Ukkola et al., 2016)
or ameliorate (Swann et al., 2016) warming impacts on drought at the surface. Plant water use efficiency is
determined by the ratio of photosynthesis to transpiration which in turn is determined by stomatal
conductance and vapour pressure deficit. Increased water use efficiency by plants is driven by enhanced
photosynthesis and stomatal closure in response to higher CO- levels. This can reduce evaporation from
vegetated surfaces and exacerbate declining continental relative humidity and precipitation while limiting
runoff increases and drying of soils at the root zone (Berg et al., 2017; Berg and Sheffield, 2018; Bonfils et
al., 2017; Chadwick et al., 2017; Kooperman et al., 2018a; Lemordant et al., 2018; Mankin et al., 2018;
Milly and Dunne, 2016; Peters et al., 2018; Swann et al., 2016). However, increased plant growth in direct
response to elevated CO, concentrations that also drives greater tolerance to aridity can counteract increased
water use efficiency, thereby offsetting the atmospheric drying, runoff increases and soil drying effects
(Bonfils et al., 2017; Guerrieri et al., 2019; Lemordant et al., 2018; Mankin et al., 2018, 2019; Milly and
Dunne, 2016; Peters et al., 2018; Yang et al., 2018). Plant physiological responses thereby represent an
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uncertain component of semi-rapid adjustments to CO; forcing (Fig. 2d).

Human activities also directly alter P-E over land. Intensive irrigation increases evapotranspiration and
atmospheric water vapour locally. Although increased irrigation efficiency may ensure more water is
available to crops, the corresponding reduction in runoff and subsurface recharge may exacerbate hydrologic
drought deficits (Grafton et al., 2018). Land use change, including deforestation and urbanisation, can further
alter regional P and E through changes in the surface energy and water balance. Direct human interference
with the land surface combined with complex surface feedbacks therefore complicate the expected regional
water cycle responses over land. Therefore whilst increased moisture transport into wet parts of the
atmospheric circulation will amplify P-E patterns globally, the interactions of geography, atmospheric
circulation, human activities and feedbacks involving vegetation and soil moisture lead to a complex regional
response over land. However, multiple lines of evidence indicate that the contrast between wet and dry
meteorological regimes, seasons and events will amplify as moisture fluxes increase in a warming climate
(Chadwick et al., 2016; Chavaillaz et al., 2016; Chou et al., 2013; Dong et al., 2018; Ficklin et al., 2019; Kao
etal., 2017; Lan et al., 2019; Liu and Allan, 2013; Marvel et al., 2019; Polson and Hegerl, 2017; Zhang and
Fueglistaler, 2019)

Large-scale responses in atmospheric circulation patterns

Changes in the large-scale atmospheric circulation dominate regional water cycle changes yet are not as well
understood as changes in thermodynamics. Expected large-scale responses in a warming climate are a
weakening and broadening of tropical circulation with poleward migration of tropical dry zones and mid-
latitude jets (Collins et al., 2013). Land use change and large-scale irrigation also drive local and remote
responses in atmospheric circulation and precipitation by altering the surface energy and moisture balance
(Alter et al., 2015; De Vrese et al., 2016; Pei et al., 2016; Wang-Erlandsson et al., 2018; Wey et al., 2015).
Atmospheric circulation responds rapidly to radiative forcing (Hodnebrog et al., 2016; Li and Ting, 2017,
Richardson et al., 2016, 2018b; Samset et al., 2016, 2018a; Tian et al., 2017) and dominates the spatial
pattern of precipitation change in response to different drivers (Bony et al., 2013; He and Soden, 2015;
Richardson et al., 2016; Tian et al., 2017). Radiative forcings with heterogeneous spatial patterns such as
ozone and aerosol (particularly relating to cloud interactions) drive atmospheric circulation changes through
spatially and vertically uneven heating and cooling (Dagan et al., 2019b; Patil et al., 2018; Wilcox et al.,
2018). These responses are uncertain for aerosol forcing, particularly in the case of black carbon (Sillmann et
al., 2019). Robust changes in atmospheric circulation are also driven by slower, evolving patterns of
warming including land-ocean contrasts (Bony et al., 2013; He and Soden, 2015; Ma et al., 2018) that are
sensitive to model biases (Zhang and Soden, 2019).

A reduced atmospheric overturning circulation is required to reconcile low-level water vapour increases of
~7% per °C with smaller global precipitation responses of 2-3% per °C, a consequence of thermodynamic
and energy budget constraints (Collins et al., 2013). The slowdown can occur in both the Hadley and Walker
circulations, but in most climate models occurs preferentially in the Walker circulation. Paleoclimate
simulations and observations support a Walker circulation weakening with warming (DiNezio et al., 2018).
However, internal climate variability can temporarily strengthen the Walker circulation over decadal time-
scales (L’Heureux et al., 2013; Sohn et al., 2013). Although a weaker Walker circulation is associated with
El Nifio, the associated regional water cycle impacts are not relevant for climate change responses since the
mechanisms driving weakening differ (Pendergrass and Hartmann, 2014b).

There is also a direct link between CO, increases and atmospheric circulation response (Plesca et al., 2018;
Shaw and Tan, 2018; Xia and Huang, 2017): a rapid 3-4% slowdown of the large-scale tropical circulation in
response to instantaneous quadrupling of CO; (Plesca et al., 2018) is dominated by reduced tropospheric
radiative cooling in sub-tropical ocean subsidence regions (Bony et al., 2013; Merlis, 2015; Richardson et
al., 2016). Subsequent surface warming contributes to a slowdown in circulation, the magnitude of which is
estimated to reach 12% for a uniform 4°C SST increase, driven by the enhancement of atmospheric static
stability through thermodynamic decreases in temperature lapse rate (Plesca et al., 2018) and an increase in
tropopause height (Collins et al., 2013; Wills et al., 2017). The Hadley cell response is mainly manifest as a
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widening or poleward shift, partly driven by changes in subtropical baroclinicity and an increase in
subtropical static stability (e.g., Chemke and Polvani, 2019).

A fundamental component of the Hadley circulation is the Intertropical Convergence Zone (ITCZ), the
position, width and strength of which determine the location and seasonality of the tropical rain belt. Cross-
equatorial energy transport is important in determining the mean ITCZ position and both of these attributes
display systematic biases in climate model simulations (Adam et al., 2016; Boos and Korty, 2016; Byrne et
al., 2018; Frierson et al., 2013; Loeb et al., 2016; Stephens et al., 2015b) that can also influence tropical
precipitation response to warming (Ham et al., 2018; Samanta et al., 2019; Watt-Meyer and Frierson, 2019).
Reduced surface sunlight due to aerosol scattering and absorption that preferentially affects the northern
hemisphere partially explain a southward shift of the NH tropical edge from the 1950s to the 1980s (Allen et
al., 2015; Bronnimann et al., 2015) and the severe drought in the Sahel that peaked in the mid-1980s (Hwang
et al., 2013; Undorf et al., 2018). Although changes in hemispheric energy imbalance drive relatively small
(<1° latitude, multi-decadal) shifts in the zonally averaged ITCZ position based on observationally
constrained simulations (McGee et al., 2014; Wodzicki and Rapp, 2016), short-term (1-2 years) responses to
volcanic eruptions and internal variability can produce more rapid changes (Alfaro-Sanchez et al., 2018).
Large shifts in the ITCZ (>1° latitude, decades timescale) and regional monsoons are possible following a
potential substantial slowdown or collapse of the Atlantic meridional overturning ocean circulation
(Kageyama et al., 2013; Parsons et al., 2014).

Although a dynamical understanding of changes in ITCZ width and strength currently lags understanding of
the controls on ITCZ position, energetic and dynamic theories have been developed (Byrne and Schneider,
2016b; Dixit et al., 2018; Harrop and Hartmann, 2016; Popp and Silvers, 2017). Weakening circulation with
warming (diagnosed as upward mass transport within the global ITCZ divided by its area) results from a
complex interplay between strengthened upward motion in the ITCZ core and weakened updrafts at the
edges of the ITCZ (Byrne et al., 2018; Lau and Kim, 2015). This leads to a drying tendency on the
equatorward edges of the ITCZ (Byrne and Schneider, 2016b) and a moistening tendency in the ITCZ core:
stronger ascent in the ITCZ core amplifies the “wet get wetter” response while reduced moisture inflow near
the ITCZ edges reduces the “wet gets wetter” response relative to the thermodynamic increase in moisture
transport. Overall ITCZ responses have been linked with hemispheric asymmetry in radiative forcing from
greenhouse gases and aerosols (Allen et al., 2015; Chung and Soden, 2017; Dong and Sutton, 2015),
feedbacks involving clouds (Su et al., 2017, 2019; Talib et al., 2018) and vertical energy stratification (Byrne
and Schneider, 2016a; Popp and Silvers, 2017) while changes in the regional tropical rain belt are larger than
for the global ITCZ and involve more complex dynamical mechanisms (Denniston et al., 2016; Singarayer et
al., 2017) including monsoons.

Monsoon systems represent an integral component of the seasonal shifts the tropical rain belt that affect
billions of people through the supply of fresh water for agriculture. Onset, retreat and sub-seasonal
characteristics of monsoons are determined by a complex balance between net energy input by radiative and
latent heat fluxes and the export of moist static energy. This energy export is determined by contrasting
surface heat capacity between ocean and land and modified through changes in atmospheric dynamics,
tropical tropospheric stability and land surface properties (Biasultti et al., 2018; Boos and Korty, 2016;

D’ Agostino et al., 2019). Thermodynamic intensification of moisture transport increase the intensity and area
of monsoon rainfall but this is offset by a weakening tropical circulation (Christensen et al., 2013; Endo et
al., 2018).

Monsoon systems are sensitive to spatially varying radiative forcing relating to anthropogenic aerosol (Allen
et al., 2015; Hwang et al., 2013; Li et al., 2016; Polson et al., 2014) but also greenhouse gases (Dong and
Sutton, 2015) and changes in SST patterns (Guo et al., 2016b; Zhou et al., 2019a) that play a strong role by
altering cross-equatorial energy transports and land-ocean temperature contrasts. Aerosols affect the
monsoon by altering hemispheric temperature gradients and cross-equatorial energy transports but also drive
more local changes through altering land-ocean contrasts and changing moisture flux that depend on whether
absorbing or scattering aerosol dominate (Persad et al., 2017). Reduced surface sunlight due to aerosol
increases over land and the oceanic response to reduced cross-equatorial flow can amplify the northward
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gradient of SST cooling thereby weakening the Indian monsoon (Krishnan et al., 2016; Patil et al., 2018).
Although there has been disagreement between paleoclimate and modern observations, physical theory and
numerical simulations of monsoonal changes, many of these discrepancies have been explained by
considering regional aspects such as zonal asymmetries in the circulation, land/ocean differences in surface
fluxes and the character of convective systems (Bhattacharya et al., 2017, 2018; Biasultti et al., 2018;
D’Agostino et al., 2019; Seth et al., 2019).

Poleward expansion of the tropical belt is expected to drive a corresponding shift in mid-latitude storm
tracks, yet driving mechanisms differ between hemispheres. Greenhouse gas forcing drives a stronger
poleward expansion in the southern hemisphere than the northern hemisphere. In addition, tropospheric
ozone and anthropogenic aerosol forcing contribute to the northern hemisphere changes while an
amplification of the southern hemisphere response by stratospheric ozone depletion will not apply as ozone
levels recover (Allen et al., 2012; Davis et al., 2016; Grise et al., 2019; Watt-Meyer et al., 2019). A thermal
gradient between the polar and lower latitude regions that decreases at low levels and increases at upper
levels is consistent with a strengthening of the winter jet stream in both hemispheres. However, the precise
mechanisms are complex (Vallis et al., 2015) and the influence of amplified Arctic warming on mid-latitude
regional water cycles is not well understood based on simple physical grounds due to the large number of
competing physical processes (Barnes and Polvani, 2013; Cohen et al., 2014; Henderson et al., 2018;
Hoskins and Woollings, 2015; Tang et al., 2014; Woollings et al., 2018). Weakening of the northern
hemisphere summer jet stream is thought to potentially amplify wet and dry extremes through increased
persistence of weather types (Pfleiderer et al., 2018) and was linked to reduced precipitation in mid-latitudes
based on an early Holocene paleoclimate record (Routson et al., 2019). However, recent analysis of
observations and coupled climate simulations show little influence of Arctic warming amplification on mid-
latitude climate (Blackport and Screen, 2020; Dai and Song, 2020). Regardless of this uncertainty,
thermodynamic increases in moisture and convergence within extra-tropical cyclones is a robust driver of
precipitation increases within mid-high latitude wet events with implications for more severe flooding.

Changes in characteristics of precipitation and hydrology

Heavy precipitation is expected to become more intense as the planet continues to warm (Fischer and Knutti,
2016; Neelin et al., 2017; O’Gorman, 2015). Increases in low-altitude moisture of around 7% per °C provide
a robust baseline expectation for a similar rate of intensification in extreme precipitation but this is modified
by less certain microphysical and dynamical responses (O’Gorman, 2015; Pendergrass et al., 2016; Pfahl et
al., 2017) that are space and time-scale dependent (Pendergrass, 2018). The response of streamflow and
flooding to changing rainfall characteristics is complex (Fig. 6) and there is not a strong relationship between
flood hazard and precipitation at the monthly scale (Emerton et al., 2017; Stephens et al., 2015a). The
likelihood of flooding is influenced by snowmelt and antecedent soil moisture (McColl et al., 2017; Wasko
and Nathan, 2019; Woldemeskel and Sharma, 2016) that also depend on time and space scales as well as the
nature of the land surface. These complex drivers explain regionally dependent increases and decreases in
flooding observed over Europe (Berghuijs et al., 2019; Bloschl et al., 2019). Expected drivers of streamflow
and flooding are also dependent on direct human intervention such as river catchment management that can
include mismanagement leading to infrastructure failure (e.g. reservoirs) as well as detrimental changes in
catchment drainage properties or land stability (e.g. mudslides).

Over mid-latitude regions, the amount and intensity of rainfall within extratropical storms is expected to
increase with atmospheric moisture. This is particularly evident for atmospheric rivers: long, narrow bands
of intense horizontal moisture transport within the warm sector of extratropical cyclones (Dacre et al., 2015;
Ralph et al., 2018) that are linked with flooding (Froidevaux and Martius, 2016; Lavers et al., 2011; Paltan et
al., 2017; Waliser and Guan, 2017), changes in terrestrial water storage (Adusumilli et al., 2019) and the
mass balance of glaciers and snowpack (Little et al., 2019; Mattingly et al., 2018; Oltmanns et al., 2018;
Wille et al., 2019). Assuming minor changes in dynamical characteristics, it is expected that increased
atmospheric moisture flux will intensify atmospheric river events (Espinoza et al., 2018; Gershunov et al.,
2019; Lavers et al., 2013; Ramos et al., 2016). However, changes in location, orientation and dynamical
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aspects relating to wind speed will dominate responses in some regions.
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Figure 6: Schematic illustrating factors important in determining changes in heavy precipitation and
flooding

Warming is expected to decrease snowfall globally but could drive increases in intensity regionally,
particularly in high latitude winter, since heavy snow tends to occur close to the freezing point (O’Gorman,
2014; Turner et al., 2019) which will migrate poleward, in altitude and seasonally. A shorter snow season
can be offset by increased snowfall relating to thermodynamic increases in atmospheric moisture (Wu et al.,
2018). Warming is expected to reduce rain on snow melt events at lower altitudes due to declining snow
cover but increase these events at higher altitudes as snow is replaced by rain (Musselman et al., 2018; Pall et
al., 2019). Early but less rapid snowmelt is expected from the reduced available radiative energy earlier in
the season (Musselman et al., 2017). Earlier and more extensive winter and spring snowmelt (Zeng et al.,
2018) has been further linked with declining summer and autumn runoff in snow-dominated river basins of
mid to high latitudes of the Northern Hemisphere (Bldschl et al., 2019; Rhoades et al., 2018). Increased
glacier melt and precipitation are expected to contribute to increasing lake levels, as identified for the inner
Tibetan Plateau (Lei et al., 2017). In a warming climate, glacier runoff is initially expected to increase due to
additional melt before decreasing in the longer term as glacier volume shrinks, with peak runoff already
achieved for some smaller glaciers (Hock et al., 2019). Changes in the cryosphere thereby drive regional and
seasonal dependent changes in flooding that may alter in magnitude and even sign over longer time-scales.

Increased severity of flooding on larger, more slowly-responding rivers is expected as precipitation increases
during persistent wet events over a season. This can occur in mid-latitudes where blocking patterns
continually steer extratropical cyclones across large river catchments with groundwater flooding also playing
arole (Muchan et al., 2015; Pfleiderer et al., 2018). Catastrophic floods recorded across Europe and Asia
have been linked to persistent atmospheric circulation patterns (Lenggenhager et al., 2018; Nikumbh et al.,
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2019; Takahashi et al., 2015; Zanardo et al., 2019; Zhou et al., 2018). Increased atmospheric moisture will
amplify the severity of these events when they occur (Tan et al., 2019) yet changes in occurrence of blocking
patterns, stationary waves and jet stream position depend on multiple drivers and so are not well understood
(Woollings et al., 2018). Arctic amplification is expected to reduce the low-level latitudinal temperature
gradient which implies a slower or less zonal jet stream and potentially longer duration wet or dry events.
However, a stronger temperature gradient in the mid-Ilatitude upper troposphere results as the topical upper
troposphere warms and the high-latitude lower stratosphere cools. This potentially drives a stronger jet
stream and shorter duration but more intense precipitation associated with the passage of extratropical
cyclones, as was found to apply for 30-70°N in CMIP5 projections (Dwyer and O’Gorman, 2017).

A weakening tropical circulation is expected to reduce tropical cyclone system speed thus amplifying
thermodynamic intensification of rainfall, though observational evidence for this has been questioned
(Kossin, 2018; Lanzante, 2019; Moon et al., 2019b). Associated flooding can exacerbate an increased
severity of coastal inundation due to sea level rise (Bevacqua et al., 2019; Zellou and Rahali, 2019).
Sensitivity experiments indicate that the most intense rainfall within tropical and extra-tropical cyclones can
increase with warming above the Clausius Clapeyron rate (Chauvin et al., 2017; Phibbs and Toumi, 2016).
There is also observational evidence (Rosenfeld et al., 2011, 2012; Zhao et al., 2018a) supported by
simulations (Khain et al., 2010; Qu et al., 2017; Wang et al., 2014), that ingestion of aerosols into tropical
cyclones can invigorate the peripheral rain bands and increase the overall area and precipitation of the storm.
This occurs at the expense of air converging into the eyewall, thus may decrease the storm’s maximum wind
speed by up to one class in the Sapphire Simpson scale. However, large-scale cooling from anthropogenic
aerosol has been linked with a decreased frequency of tropical storms over the north Atlantic which reversed
at the end of the century as aerosol emissions declined (Dunstone et al., 2013).

Increased seasonality in lower latitudes, with more intense wet seasons (Chou et al., 2013; Dunning et al.,
2018; Kumar et al., 2015; Lan et al., 2019; Liu and Allan, 2013), will alter seasonal hydrology. Decreases in
precursor soil moisture after more intense dry seasons may increase the timescale over which seasonal
rainfall saturates soils and aquifers. Drying of soils can therefore reduce the probability of seasonal flooding,
while saturated soils associated with more intense wet seasons can increase waterlogging (Fig. 6). Changes
in seasonal flood timing in response to climate variability are found to be more sensitive than for rainfall-
based metrics. The median change in flood timing over East Africa between ElI Nifio and La Nifia of 53 days
(Ficchi and Stephens, 2019) is substantially larger than implied from a rainfall-based estimates of 14 days
(Dunning et al., 2016).

Increased land-ocean temperature gradients have been linked with more intense precipitation over the Sahel
based on satellite data since the 1980s (Taylor et al., 2017). Surface feedbacks involving soil moisture and
vegetation are also expected to modify regional responses over land (Berg et al., 2016), including for active
to break phase transition over India (Karmakar et al., 2017; Roxy et al., 2017). The spatial variability in soil
moisture has been linked with the timing and location of convective rainfall through altering the partitioning
between latent and sensible heating. This has been demonstrated for the Sahel and Europe using satellite data
and is not well represented by simulations (Moon et al., 2019a; Taylor, 2015; Taylor et al., 2013). Changes
in soil moisture and vegetation can therefore produce varying effects on rainfall location and intensity
(Takahashi and Polcher, 2019; Xiang et al., 2018). Antecedent soil moisture conditions are an important
modulator of flooding but less so for more severe flood events (Wasko and Nathan, 2019). Defoliation has
also been identified as a short-term driver of the regional hydrological cycle with enhanced runoff following
a destructive tropical cyclone (Miller et al., 2019). Increased plant water use efficiency in response to
elevated CO; concentrations is linked with decreased mean precipitation but increased heavy precipitation
days over tropical regions (parts of the Andes, western Amazon, central Africa and the Maritime Continent)
based on modelling experiments (Skinner et al., 2017). More efficient water use by plants can further cause
increasing runoff responses to rainfall, particularly for extremes (Fowler et al., 2019; Kooperman et al.,
2018b; Lemordant et al., 2018).

Precipitation and streamflow are also affected directly by human activities and water use can offset and
dominate responses to climate change regionally (Tan and Gan, 2015). Deforestation can drive increased
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streamflow as demonstrated by simulations and observations over the Amazon and East Africa (Dos Santos
et al., 2018; Guzha et al., 2018; Levy et al., 2018) although this can be counterbalanced by decreases
resulting from irrigation (Hoegh-Guldberg et al., 2019). Large-scale forest clearance can also drive
reductions in precipitation, for example for total Amazon deforestation (Lejeune et al., 2015) but with a
substantial range (-38 to +5%) across 44 studies (Spracklen and Garcia-Carreras, 2015) with smaller
reductions (-2.3 to -1.3%) estimated from observed Amazon deforestation up to 2010. Small-scale
deforestation can actually increase precipitation locally (Lawrence and Vandecar, 2015) and alter storm
locations. Altered thermodynamic and aerodynamic properties of the land surface from urbanisation can
affect precipitation through altered stability and turbulence (Jiang et al., 2016; Pathirana et al., 2014; Sarangi
et al., 2018) and are further perturbed through the effect of aerosol pollution on cloud microphysics (Schmid
and Niyogi, 2017). Urbanisation also tends to decrease permeability of the surface, leading to increased
surface runoff (Chen et al., 2017) and enhanced urban heat island effects are also known to invigorate
convection (Dou et al., 2015; Pathirana et al., 2014).

Urban air pollution can invigorate warm base convective storms. The addition of aerosol particles that serve
as cloud condensation nuclei (CCN) leads to clouds with more numerous smaller droplets which are slower
to coalesce into raindrops. Therefore, clouds in more polluted air masses need to grow deeper to initiate rain
(Braga et al., 2017; Freud and Rosenfeld, 2012; Konwar et al., 2012). In clouds with a warm base and depths
extending to heights with sub-zero temperatures, rain suppression increases cloud water that can freeze into
large ice hydrometeors and produce heavy rain rates. The added latent heat of freezing can further invigorate
the clouds (Rosenfeld et al., 2008a; Thornton et al., 2017) but simulations indicate this heating may be
compensated by changes in latent heat at different cloud altitudes (Heikenfeld et al., 2019). An additional
invigoration mechanism, which works mainly in convective tropical clouds with strong coalescence and
warm rain, is caused by small aerosol particles (<0.05 um) enhancing the condensation efficiency of the
vapor (Fan et al., 2018). These cloud invigoration mechanisms redistribute light rainfall from shallow clouds
to heavy rainfall from deep clouds. The aerosol convective invigoration effect is non-monotonic, where the
invigoration reverses to weakening at aerosol optical depth greater than ~0.3 though the precise value is
dependent on the environmental conditions (Koren et al., 2008; Liu et al., 2019; Rosenfeld et al., 2008). This
is mainly due reduced surface solar heating due to aerosol effects which propels the convection but also
explained by suppression at the cloud edges which begins to dominate at high aerosol loading (Liu et al.,
2019). The magnitude of the effect of aerosols acting as ice forming nuclei is poorly known, but likely much
smaller than their effects as CCN, except for snow enhancement in shallow orographic clouds (Rauber et al.,
2019). Light-absorbing aerosols, like the microphysical effects of CCN, can redistribute rain intensities from
light to heavy. Absorbing aerosol radiative effects increase both instability and convective inhibition, which
suppresses the small clouds and enhances the large rain cloud systems (Wang et al., 2013). When the
instability is released, often triggered by topographical barriers, intense rainfall and flooding can occur (Fan
et al., 2015; Guo et al., 2016a). Such trends were found in India (Goswami et al., 2006) and in eastern China
during 1970-2010, and shown to be associated with the large increasing amounts of black carbon aerosols
there (Guo et al., 2017; Qian et al., 2009).

Recent advances have been made in understanding the expected changes in sub-daily rainfall intensity that
can be particularly important in determining flash flooding (Westra et al., 2014). The intensity of convective
storms is related to Convective Available Potential Energy (CAPE) which is expected to increase
thermodynamically with warming (Barbero et al., 2019; Romps, 2016) although the heaviest rainfall is not
necessarily associated with the most intense storms in terms of depth, based on satellite data (Hamada et al.,
2015). Intensification can exceed thermodynamic expectations since additional latent heating may invigorate
individual storms (Berg et al., 2013; Kendon et al., 2019; Molnar et al., 2015; Nie et al., 2018; Prein et al.,
2017; Scoccimarro et al., 2015; Zhang et al., 2018) and an increasing height of the tropopause with warming
allows the establishment of larger systems (Lenderink et al., 2017) that can amplify total storm precipitation
(Prein et al., 2017). This is corroborated by observed scalings up to 3 times the rate expected from the
Clausius Clapeyron equation for multiple regions (Burdanowitz et al., 2019; Formayer and Fritz, 2017;
Guerreiro et al., 2018; Lenderink et al., 2017) albeit with low statistical certainty (van der Wiel et al., 2019;
Zhou et al., 2016). The relevance of present day relationships to climate change remains questionable (Bao et
al., 2017; Zhang et al., 2017) although is improved by considering scaling with dewpoint temperature which
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reduces dependence on dynamical factors (Ali et al., 2018; Barbero et al., 2017; Lenderink et al., 2017).
Increased frequency of rainfall events above a fixed intensity threshold (Myhre et al., 2019) reflect the less
severe precipitation events intensifying above the threshold so intensification of heavy rainfall in weather
systems remains the dominant mechanism.

Intensification of sub-daily rainfall is inhibited in regions and seasons where available moisture is limited
(Prein et al., 2017) and simulations indicate that scaling can depend on time of day (Meredith et al., 2019).
However, a fixed threshold temperature above which precipitation is limited by moisture availability is not
supported by recent modelling evidence (Neelin et al., 2017; Prein et al., 2017; Zhang and Fueglistaler,
2019). Enhanced latent heating of the atmosphere by more “juicy” storms can also suppress convection at
larger-scales due to atmospheric stabilization as demonstrated with high resolution, idealised and large
ensemble modelling studies (Chan et al., 2018; Kendon et al., 2019; Loriaux et al., 2017; Nie et al., 2018;
Tandon et al., 2018). Large eddy simulations demonstrate that stability controls precipitation intensity,
moisture convergence governs storm area fraction while relative humidity determines both intensity and area
fraction (Loriaux et al., 2017). Atmospheric stability is also increased by the direct radiative heating effect
from higher concentrations of CO, (Baker et al., 2018) and aerosol through local effects on the atmospheric
energy budget and cloud development. Intensification of short-duration intense rainfall is expected to
increase the severity and frequency of flash flooding (Chan et al., 2016; Sandvik et al., 2018) and more
intense but less frequent storms (Kendon et al., 2019) are also expected to favour runoff and flash flooding at
the expense of recharge since a drier surface reduces percolation from intense rain (Eekhout et al., 2018; Yin
etal., 2018).

Recent modelling evidence shows increases in convective precipitation extremes are limited by
microphysical processes involving droplet/ice fall speeds (Sandvik et al., 2018; Singh and O’Gorman, 2014).
Although instantaneous precipitation extremes are sensitive to microphysical processes, daily extremes are
determined more by the degree of convective aggregation in one comparison of idealized model simulations
(Bao and Sherwood, 2019). Thus regional processes and their impact on dynamical responses are crucial in
determining how regional precipitation intensity and hydrology respond to climate change. Thermodynamic
factors are however crucial in determining an intensification of heavy rainfall and associated flooding when
extreme events occur.

Conclusions

Based on understanding of thermodynamic processes, corroborated by observations and comprehensive
simulations, the global water cycle is expected to intensify with warming in terms of moisture fluxes within
the atmosphere and exchanges with the land and ocean surface. This intensification will be offset by a
weakening tropical circulation in response to changes in the global energy balance and regional temperature
gradients. It is well understood that thermodynamic increases in low-altitude water vapour of about 7%/°C
are larger than the 2-3%/°C increases in global evaporation and precipitation that are driven by Earth’s
evolving energy balance in response to warming. The slowing of atmospheric circulation is required to
reconcile these contrasting responses that also imply an increased water vapour residence time. Combined
with more intense fluxes of moisture, this is expected to manifest as a region and season-dependent shift in
the distribution of precipitation characteristics such as intensity, frequency and duration. Increases in
aerosols offset some of the warming effects that drive the intensification of the hydrological cycle but this
depends on the mix of aerosol species and there are strong regional variations. Regionally, more intense
moisture fluxes will drive an amplification of wet and dry seasons and weather events, with the possibility
for increased duration or persistence driven by tropical circulation weakening. However, regional increases
and decreases in precipitation or aridity are expected to be dominated by spatial shifts in atmospheric wind
patterns in many regions that alter the location of the wettest and driest parts of the global circulation yet are
less certain than thermodynamic drivers. Local scale effects are further modulated by land surface feedbacks
and vegetation responses to rising concentrations of CO; as well as direct human interference with the water
cycle through water use and land use change.
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Recent advances in refining how the water cycle is expected to respond to continued emissions of
greenhouse gases and aerosol are as follows:

Understanding of how global precipitation and evaporation increase as the planet warms has
strengthened based on idealised modelling. Precipitation and atmospheric circulation respond rapidly
to different radiative forcing agents but with moderate uncertainty. There is greater certainty in the
global response to the slower evolving warming patterns.

It is now recognised that cooling from sulphate aerosol and atmospheric heating due to rising
concentrations of absorbing aerosol has countered global precipitation increases due to greenhouse
gases and over recent decades. However, the dominating greenhouse gas warming influence is
expected to drive substantial future global precipitation increases closer to the hydrological
sensitivity of 2-3%/°C with an additional, temporary acceleration of precipitation increases due to
declining aerosol forcing.

Hydrological sensitivity over land is suppressed relative to the global mean and this has been related
to land-ocean warming contrast and surface feedbacks. However, simulated responses are uncertain
and do not fully capture the observed magnitude of continental relative humidity decline.

There is further evidence that amplification of precipitation minus evaporation patterns is robust over
the ocean. Understanding of responses over land has been refined beyond an inaccurate wet get
wetter, dry get drier response. Now recognised as important are regional thermodynamic responses
and feedbacks and how aridity or dryness depends on which aspects of the atmosphere, soil or
vegetation are the primary focus.

There is increasing evidence that the water cycle is intensifying with increased moisture fluxes
driving heavier rainfall. Amplified fresh water transport and exchanges between the atmosphere and
surface are intensifying wet and dry seasons or weather events.

Although atmospheric circulation responses are less certain than thermodynamic drivers, evidence
for a weaker Walker circulation in a warmer climate has expanded. There is, however, recognition
that internal variability can lead to temporary strengthening over a decadal time-scale.
Thermodynamic amplification of monsoon intensity is offset by a weakening tropical circulation but
additional suppression of monsoon precipitation due to reduced solar heating from aerosol is
expected to reverse as aerosol emissions decline.

There have been advances in understanding how hemispheric asymmetries in radiative forcing
impact the tropical rain belt with northern hemisphere cooling from sulphate aerosol implicated in a
southward shift in the ITCZ associated with the 1980s Sahel drought. Greenhouse gas forcing is now
thought to have contributed to the recovery in Sahel rainfall through intensification of the Sahara
heat low.

Recent evidence indicates a limited role for Arctic amplification of warming and the rapid reduction
in sea ice area in modifying mid-latitude weather patterns including the frequency of persistent jet
stream position that can favour flooding or drought.

There is a growing appreciation for the role of vegetation and land surface feedbacks on water cycle
responses. Understanding of the direct response of plants to elevated CO; concentrations has also
advanced. Reduced stomatal conductance increases water use efficiency thereby reducing
transpiration, atmospheric humidity and local precipitation. This can limit drying of soils and
increased streamflow induced by climate change. However, increased photosynthesis and plant
growth is also capable of counteracting the effects of increased water use efficiency in some regions
for species that are not subject to severe water limitation.

The role of Atmospheric Rivers in determining regional water stores in the ground and as snow or
ice have been highlighted above the known influences on extreme rainfall and flooding.

There is a greater appreciation of the seasonal complexity in water cycle changes as wet and dry
periods intensify but the timing and characteristics of wet seasons, melt events and streamflow
evolve over time.

Non-linear changes in streamflow over multi-decadal time-scales are expected in some regions as
accelerated glacier melt is followed by declining glacier volume. This can result in a peak in river
discharge that has already been passed in some catchments.

There have been advances in understanding responses of sub-daily precipitation including the
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possibility for storm invigoration through enhanced latent heating within storms but convective
inhibition operating at larger scales as heat release stabilises the atmosphere. Responses are thereby
dependent on time and space scale though uncertainty remains in modelling storm systems and their
aggregation.

e There have been some advances in identifying the role of aerosol in cloud development through
initial suppression of precipitation but deepening of clouds that drive convective invigoration in
tropical clouds.

e The observed shift of rain intensities from low to high can in some cases also be related to the
combined microphysical and radiative effects of aerosol suppressing the small and shallow
convective clouds and enhancing the large and deep clouds.

e The role of land-sea temperature gradients, surface feedbacks involving soil moisture and vegetation
as well as deforestation in determining the location and intensity convective storms has been
highlighted while questions remain as to their representation in models.

e There is not a simple relation between rainfall intensification and flooding though evidence has
strengthened that the most severe flooding situations will worsen, especially for smaller catchments
and urban environments as well as compounding increased coastal inundation from sea level rise.

e There is now a greater appreciation for the direct impact of human activity on the water cycle
through extraction of water from the ground and river systems for irrigation and industrial or
domestic use as well as how land use change can alter the surface energy and water balances: for
example large-scale deforestation is linked with increased streamflow but also altered wind patterns
and reduced precipitation and humidity locally.
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