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Abstract

Climate warming is intensifying the global water cycle, including the rate of fresh water flux
between the atmosphere and the surface, determined by precipitation minus evaporation (P—E).
Surpluses or deficits of fresh water impact societies and ecosystems, so it is important to monitor
and understand how and why P—E patterns and their seasonal range are changing across the globe.
Here, annual maximum and minimum P—E and their changes are diagnosed globally over land
and ocean using observation-based datasets and CMIP6 climate model experiments covering
1950-2100. Seasonal minimum P—E is negative across much of the globe, apart from the Arctic,
mid-latitude oceans and the tropical warm pool. In the global mean, P—E maximum increases and
P—E minimum decreases by around 3%—-4% per °C of global warming from 1995-2014 to
2080-2100 in the ensemble mean of an intermediate greenhouse gas emission scenario. Over land,
there is less coherence across the 1960-2020 datasets, but an increase in the seasonal range in P—E
emerges in future projections. Patterns of future changes in annual maximum and minimum P—E

are qualitatively similar to present day trends with increases in maximum P—E in the equatorial
belt and high-latitude regions and decreases in the subtropical subsidence zones. This adds
confidence to future projections of a more variable and extreme water cycle but also highlights

uncertainties in this response over land.

1. Introduction

Climate warming intensifies the global water cycle
with greater flows of moisture, increased variabil-
ity in space and time, and growing water-related
risks to societies (Pendergrass et al 2017, Allan et al
2020, Douville et al 2021, 2022). While attention
has focused on short-duration hourly to multi-day
extremes (Fowler et al 2021, Seneviratne et al 2021),
considerable impacts are also felt through seasonal
and multi-annual events including seasonal flooding
and droughts (e.g. Marsh et al 2013, Wainwright et al
2021) and their effects on vegetation (e.g. Alexander
etal 2023).

A consequence of intensified moisture transport
in warmer climates is the amplification of exist-
ing precipitation minus evaporation (P—E) patterns
(Held and Soden 2006). This tendency is robust over
the ocean where it enhances salinity patterns (Skliris

© 2023 The Author(s). Published by IOP Publishing Ltd

et al 2014) but over land the situation is more com-
plex (Greve et al 2014, Duan et al 2023, Zaitchik
et al 2023); here, multi-annual P-E is positive, with
a net flow of moisture from ocean to land that is
known to increase on average with global warming
(Byrne and O’Gorman 2018). However, the terrestrial
response is further affected by changes in atmospheric
circulation patterns, land surface feedback and veget-
ation responses to carbon dioxide, climate and land
use change (Byrne and O’Gorman 2015, Berg et al
2016, Douville et al 2021, Liu et al 2023). Combined
with the resulting greater warming over land than
the ocean, these processes drive a decline in relative
humidity (Byrne and O’Gorman 2016), the processes
of which are uncertain, with discrepancies between
observations, simulations and theoretical predictions
(Simmons et al 2010, Chadwick et al 2013, Dunn
et al 2017, Samset et al 2018, Allan et al 2020, 2022,
Douville et al 2020).
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The purpose of the present study is to investig-
ate longer duration (monthly—seasonal) changes in
freshwater fluxes diagnosed by P—E. Although not
directly related to aridity, which also depends upon
the capacity of the atmosphere to evaporate water
(Roderick et al 2014, Greve and Seneviratne 2015,
Scheff and Frierson 2015, Milly and Dunne 2016,
Ficklin et al 2022, Duan et al 2023), P-E is neverthe-
less an important and fundamental diagnostic of the
global climate system. Although multi-annual P—E
is positive and balanced by runoff over land, this is
not the case seasonally (Chou et al 2013, Kumar et al
2015) since after a wet period or season, water is
evaporated and exported. This can explain a tendency
for precipitation, P—E and water supply and demand
to increase in wet parts of the atmospheric circula-
tion and decrease in drier subsidence zones (Liu and
Allan 2013, Schurer et al 2020, Ficklin et al 2022),
symptomatic of a greater intensity of wet and dry
events where and when they occur. Increased vari-
ability, including rapid swings between dry and wet
conditions, is also considered to be a damaging con-
sequence of a warming climate (Chen et al 2022, Chen
and Wang 2022, Tan et al 2023).

Here, the objective is to investigate present
and future changes in P—E (1950-2100) using
observation-based datasets and climate model sim-
ulations, with a focus on the annual maximum and
minimum. This isolates the wettest time of year
whenever it occurs, such as the tropical wet season
or a wet period linked to fluctuations in atmospheric
circulation. Conversely, annual P—E minimum does
not relate directly to the driest season or period over
more arid land since P—E tends to zero after a lengthy
dry spell as the soil moisture is depleted; instead, P—E
minimum over land is symptomatic of the intensity
at the onset of a dry period, which is also relevant
for flash droughts (Pendergrass et al 2020, Black 2023,
Yuan et al 2023).

2. Data and methods

Global satellite and rain gauge-based precipitation
estimates are combined with evaporation from a
global reanalysis and these are compared with dir-
ect and indirect estimates of P—E from the reanalysis
and a range of climate model simulations. Although a
larger range of observational products could be con-
sidered, it was decided to focus on widely used dataset
combinations in the present study to evaluate robust
climate responses.

2.1. Precipitation observations

Global Precipitation Climatology Project version 2.3
monthly 0.5 x 0.5° resolution combined satellite
and rain gauge data (GPCPv2.3MON) is available
for 1983-2020 (Huffman 2021). It uses a range
of microwave, infrared and radar satellite products
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that are merged with surface rain gauge records
from the Global Precipitation Climatology Centre
(GPCC; Becker et al 2013) which is based on
monthly estimates from synoptic weather reports
at the Deutscher Wetterdienst, Germany, and at
the Climate Prediction Center/National Oceanic and
Atmospheric Administration, USA, and monthly pre-
cipitation totals extracted from CLIMAT bulletins.
The period January 1983-December 1991 lacks the
Goddard profiling algorithm and so is considered less
reliable. The 0.25 x 0.25° GPCC Full Data Monthly
Product Version 2022 land data is also considered
independently for the period 1960-2020.

2.2. Reanalysis data

The fifth-generation European Centre for Medium-
range Weather Forecasts (ECMWF) global reanalysis
(ERA5; Hersbach et al 2020) combines observations
with a high-resolution atmosphere modeling sys-
tem via four-dimensional-variational (4D-Var) data
assimilation. Extensive conventional and satellite
observations of surface and tropospheric temper-
ature and humidity are assimilated, including Special
Sensor Microwave/Imager (SSM/I), Atmospheric
InfraRed Sounder (AIRS) and High-resolution
Infrared Radiation Sounder (HIRS) radiance data
that are also used to construct the GPCP dataset
employed in the present study. ERAS5 provides a con-
sistent hourly record of the atmosphere, land and
ocean surface since 1950 using a ~31 km horizontal
grid and 137 levels in the vertical. Monthly means of
daily means covering the period 1960-2021 are con-
sidered. Data on a 0.25 x 0.25 latitude-longitude grid
are extracted, considering total precipitation, sur-
face evaporation and vertically integrated moisture
divergence.

2.3. Climate models

An ensemble of climate-model simulations contrib-
uting to the CMIP6 historical, amip and ssp2-4.5
experiments were selected (table 1) based on the avail-
ability of diagnostics. Although the full set of CMIP6
models is not considered, doing so would still not
ensure that the full range of uncertainty is captured
and the set of 18 models is deemed a suitable num-
ber to sufficiently represent internal variability as
well as model structural uncertainty (e.g. Allan et al
2022).

The historical experiments represent realistic
changes in radiative forcings that drive coupled ver-
sions of the climate models over the period 1850—
2014 (the 1950-2014 subset is extracted). The ssp2-4.5
experiment represents an intermediate greenhouse
gas emission future scenario that stabilizes radiative
forcing at about 4.5 Wm™2 by 2100 (Thomson et al
2011). One ensemble member per model is chosen,
as follows: r1ilp1fl apart from CNRM/GISS/UKESM
models (rlilp1f2) and HadGEM3 (rlilp1f3), which
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Table 1. Global and land mean P—E for 3 month maximum, minimum and annual mean (land) across models and experiments

(historical and amip) and observation-based estimates (1995—2013).

Global Global land

P-E (mmd™!) Maximum Minimum MEAN MAX MIN

Model/experiment hist amip hist amip hist amip hist amip hist amip
ACCESS-ESM1-5% 2.65 2.48 —2.05 —1.98 1.16 1.36 4.41 4.76 —1.09 —1.09
BCC-CSM2-MR? 2.50 2.41 —1.99 —1.95 1.17 1.32 4.20 4.67 —0.76 —0.91
BCC-ESM1? 2.38 2.36 —1.90 —1.87 1.46 1.26 4.87 4.58 —0.90 —-0.97
CanESM5” 2.46 2.34 —2.00 —1.95 0.97 1.16 4.44 4.82 —1.53 —1.51
CESM2¢ 2.47 2.22 —2.00 —1.87 1.23 1.54 4.72 5.04 —1.22 —1.03
CESM2-WACCM"W 2.37 2.22 —1.95 —1.87 1.24 1.51 4.67 5.02 —1.19 —1.06
CMCC-CM2-SR5¢ 2.32 2.14 —1.93 —1.86 1.22 1.45 4.15 4.42 —0.93 —0.78
CNRM-CM6-1V 2.52 2.40 —2.11 —2.04 0.93 0.87 3.82 3.33 —1.19 —1.00
CNRM-ESM2-1" 2.52 2.41 —2.13 —2.04 0.95 0.87 3.89 3.39 —1.25 —1.05
GFDL-ESM4¢ 2.49 2.41 —2.02 —1.97 0.93 1.01 4.42 4.31 —1.53 —1.41
GISS-E2-1-Gf 2.48 2.51 —2.00 —2.01 0.66 0.54 3.16 3.01 —1.12 —1.16
HadGEM3-GC31-LL 2.56 2.49 —2.05 —2.03 0.93 0.88 3.69 3.43 —1.05 —1.00
INM-CM5-0! 2.23 2.31 —1.85 —-1.90 1.06 0.99 3.65 3.49 —0.83 —0.84
IPSL-CM6A-LR 2.40 2.27 —2.03 —1.96 1.38 1.63 4.31 4.57 —0.84 —0.67
MIROC6M 2.48 2.57 —2.04 —2.10 1.13 0.97 4.70 4.11 —1.45 —1.32
MRI-ESM2-0™ 2.63 2.44 —2.15 —2.06 1.04 1.23 4.24 4.50 —1.45 —1.37
NorESM2-LM° 2.39 2.29 —1.94 —1.91 0.95 1.22 4.26 4.52 —1.40 —1.28
UKESM1-0-LLY 2.53 2.47 —2.05 —2.03 0.94 0.93 3.73 3.55 —1.13 —1.04
Ensemble mean 2.47 2.37 —2.01 —1.97 1.08 1.15 4.18 4.20 —1.16 —1.08
GPCP/ERA5-adjPE 2.27 —1.88 1.02 3.77 —0.97
ERAS—adjE 2.17 —1.81 1.13 3.78 —0.81
ERAS—MDiV—adjE 2.18 —1.82 1.08 3.84 —1.00

A Ziehn et al (2020); B*Wu et al (2019, 2020); *Swart et al (2019); SV Gettelman et al (2019); “Scoccimarro et al (2022); NVoldoire et al
(2019); "Séférian et al (2019); “Zhao et al (2018); $Schmidt et al (2014); ¥ Andrews et al (2020); 'Song et al (2021); ‘Boucher et al (2020);
MTatebe et al (2019); "Yukimoto et al (2019); °Seland et al (2020); YV Swaminathan et al (2022); "Huffman (2021); Hersbach et al (2020).

accounts for slight adjustments to the forcings
required to produce the required CMIP6 simula-
tions and CESM2 (r11ilplfl since rlilp1fl was not
available in all simulations at the time). Although
analyzing more scenarios would provide additional
information on plausible future projections, ssp2-4.5
was chosen as a focus since it covers a broad range of
global warming by the end of the twenty-first century
(~2.3 £ 1°C relative to present) due to varying cli-
mate sensitivity and ocean heat uptake across models
and does not include very high and very low emission
scenarios that may be less relevant baselines for policy
making (e.g. Hausfather and Peters 2020).

2.4. Methodology

P—E was computed for climate model simulations
and ERAS5 as well as for observation-based estimates:
GPCP precipitation minus ERA5 evaporation; GPCC
precipitation over land and ERAS5 precipitation over
ocean combined with ERAS5 evaporation. In addi-
tion to direct estimates of P—E from ERA5, an
independent ERA5 estimate was constructed (see
also supplementary information) from the resid-
ual of horizontal moisture flux divergence (V -F)
and changes in column integrated water vapor
(AW) between midnight at the beginning of the

first day and end of the last day of the month
(a minor term):

P—E=-V-F—AW. (1)

Based on scrutiny of the observation-based datasets,
to account for unrealistic global imbalance in the
water budget and artificial drifts over time, a relat-
ive (%) adjustment in ocean evaporation was applied
to ensure global annual mean P—E = 0 (see supple-
mentary information; figures S1 and S2). While mois-
ture imbalances affected older generations of mod-
els (Liepert and Previdi 2012), this is not expected to
affect CMIP6 and the amip set of simulations is able
to close the global water budget such that the global
mean P — E ~ 0 (figure S1).

Annual monthly and 3 month maximum and
minimum P—E were next computed over the range
of simulated and observed records for each grid-
point. The timing of maximum and minimum is
allowed to vary across observations, models and year,
thereby focusing in on the wettest or driest times
of the year, in terms of P—E, whenever they occur.
The month or 3 month of maximum or minimum
were retained (the mode is displayed for climatolo-
gical averages in figure S6). Although there is some
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Figure 1. Climatological multi-annual mean precipitation minus evaporation (1995-2014) for (a) GPCP precipitation minus
ERAS5 evaporation and (b) CMIP6 ensemble mean. Seasonal cycles corresponding to numbered regions in the main panels are
shown for CMIP6 (including model range), GPCP/ERA5 and ERA5 moisture divergence minus atmospheric storage.
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variation in timing across models and experiments,
the broad structure of timing is generally consist-
ent (not shown). Annual 3 month maximum and
minimum run from January—March to December—
February, which explains why climatological estim-
ates effectively span one fewer year at the end of the
record compared with 1 month annual maximum
(e.g. 1995-2013 compared to 1995-2014).

3. Results

3.1. Seasonal climatology

Figure 1 illustrates that the CMIP6 ensemble is able to
represent the broad characteristics of observed P—E
global climatology and seasonal cycles from eight
example land locations (see also figures S2 and S3).
Moist biases over 0—10°S oceans highlight contin-
ued issues with an unrealistically pronounced double
inter-tropical convergence zone (ITCZ), while a dry
bias in the tropical warm pool region also remains
in CMIP6, even when observed sea surface tem-
peratures (SST) are prescribed (amip); model biases
are comparable in magnitude to projected century
time-scale future changes in P—E (figures S2(b)-
(d)). Also shown are seasonal cycles in P—E derived
from the moisture divergence fields, which are com-
parable to the GPCP/ERA5 and simulated estimates

(figure 1), though ERA5 estimates produce more pos-
itive P—E (~ 4+1 mmd~"!) over the east Pacific ITCZ
(figures S2(e) and (f)) and south Asia (figure 1(4)).
The CMIP6 models also simulate more negative P—E
(~ —1mmd™") in the eastern Europe region during
summer (figure 1(2)).

Climatological annual 3 month maximum and
minimum P—E (figure 2; modal timings in figure S6)
also display similar regional structure to mean P-E
fields but with positive P—E predominating for sea-
sonal maximum in all but the most evaporative ocean
regions (figure 2(a)) while P—E is negative for all but
the highest latitudes and tropical warm pool center
for the seasonal minimum (figure 2(c)). The annual
monthly maximum and minimum P—E is similar in
spatial pattern but around 1.5-2 mmd~! more pos-
itive for maximum and 0.5-1 mm d~! more negative
for minimum (figure S4; tables 1 and S1). Over land,
the seasonal maximum P—E is almost exclusively pos-
itive, while the seasonal minimum is negative. This
is important since it shows that an amplification
of P—E patterns can decrease negative P—E over
land during dry seasons or multi-month events,
thereby leading to an amplification of wet and dry
events, as previously implied (Chou et al 2013, Kumar
etal 2015).

The observed zonal structure in maximum, mean
and minimum P—E (figures 2(e)—(g)) is well captured
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P—E (mm/day)

by CMIP6 simulations but with a notable overestim-
ate in the annual maximum P—E around 0-10°S
(which is less prominent for the CESM and MIROCé6
models, not shown). An apparent model underes-
timate over the ocean around 30-40 °S (figure 2(b))
is expected to be an artifact of GPCP observa-
tions since a consistent discrepancy is identified
for amip simulations and both ERA5 estimates
(figures S5 and S7).

These characteristics are similar for annual
monthly maximum/minimum P—E (figure S4) but
the 0-10°S bias is diminished in amip simulations
suggesting a role of SST biases here (figure S5). A
less prominent overestimate in CMIP6 P—E 0-10 °N
over the east Pacific and Atlantic is also apparent
in P—E minimum (figure 2(d)), which also applies
to the periphery of the tropical warm pool region
(biases are smaller in CESM and MIROC6 models,
not shown). Global mean P—E maximum and min-
imum are generally of larger magnitude by ~10% in

CMIP6 historical and amip simulations than obser-
vations (table 1).

3.2. Current trends

Trends in mean, maximum and minimum P—E
1983-2019 (figure 3) display some similarity between
observed and simulated estimates, particularly in the
zonal mean (right) though with larger magnitude
observed regional changes. Increases in 0-10 °N P—E
and decreases around 0-10 °S (most pronounced in
the eastern Pacific and western Atlantic) may reflect
the multi-decadal northward movement of the ITCZ,
in part related to greenhouse gas forcing (Dong
and Sutton 2015). Negative P—E trends simulated
over the subtropical ocean and positive trends in
the (northern) equatorial belt and higher latitudes
show limited regions of significance but are consistent
with an amplification in ocean salinity patterns, also
found to be driven by greenhouse gas forcing (Skliris
et al 2016). These changes are more pronounced for




10P Publishing

Environ. Res. Lett. 18 (2023) 094004

R P Allan

(c)

Annual MEAN

90S &=

907

1 45

1 -45

-90

180 90w 0 90E 180

90w 0 90E -0.2-0.1 0.0 0.1 0.2

(d) OBS MAX

90N

Annual 3 month MAX

CMIP6 MAX (e)
x 90

A as

145

-90

-0.4 -0.2 0.0 0.2 0.4

CMIP6 MIN (h) (D)

45S

Annual 3 month MIN

90s

90

1 45

1 -45

-90

180 oW 0 90E 180 90w 0 90E
(mm/day/decade)
[ — . [ == CMIP6
-0.8 -0.4 0 0.4 0.8 -0.4 -0.2 0 0.2 0.4 0ORS

Figure 3. Trends in (a)—(c) annual mean and 3 month (d)—(f) maximum and (g)—(i) minimum P—E 1983-2019 in GPCP/ERA5
observations (left), CMIP6 historical and ssp2-4.5 simulations (middle, note smaller colour bar range) and zonal global mean
(right). Stippling denotes a significant linear trend at the 90% confidence level in observations and for at least four models.
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annual maximum P—E (figures 3 and S10(d)—(f))
though are generally weakly negative for annual min-
imum P—E apart from in polar regions (figures 3 and
S10(g)—(i)). Simulated decreases in minimum P—E
on the periphery of the Pacific ITCZ may reflect a
narrowing of the tropical rain belt (Byrne et al 2018,
Su et al 2020). This tightening is not noticeable in
the observations, which display a more general global
decrease in 3 month minimum P—E (figure 3(g)),
even more so when considering 1 month minimum
(figure S10(g)).

The global trend patterns are similar for ERA5
estimates (though more pronounced in the tropics;
figure S9) and also apply for a shorter time period
(1983-2013) including for the amip simulations
(figure S8), suggesting that unforced internal
variability is not dominating; differences in the spatial
structure evident in the tropical warm pool and
decreases in the northern tropical east Pacific may,
however, reflect the phases of the El Nino Southern
Oscillation and global teleconnection patterns
(e.g. Véazquez et al 2022) that depend on the chosen
time period. These signals of unforced variability
are essentially removed in the multi-model aver-
aging of the CMIP6 historical and ssp2-4.5 coupled
simulations.

The tendency for annual maximum P—E to
increase over time and for the minimum to decrease

is apparent for all observation-based estimates and
model simulations (figures 4(a) and (b)) but with
substantial year-to-year variation that is generally
anticorrelated between annual minimum and max-
imum time-series (e.g. the 1998 El Nino event shows
elevated P—E maximum ~+0.2 mm d~! and around
0.1 mmd~" lower (more negative) P-E minimum.
The global trends are dominated by the oceans
(figures 4(f)—(h)), while agreement among data-
sets and trends is less coherent over the global and
tropical land (figures 4(c)—(e) and S13), particu-
larly for P—E minimum, which declines in ERA5
but increases in the ERA5 indirect moisture diver-
gence estimate (figure 4(e)). The discrepancy between
ERA5 estimates is particularly pronounced for P—E
minimum before 1980 (figure 4(b)); the minimum
may therefore be more sensitive to changes in the
observing system, with limited satellite coverage of
tropospheric water vapour before this time (Hersbach
et al 2020). However, differences with GPCC obser-
vations over land (figures 4(d) and (e)) are appar-
ent before the late 1980s, coinciding with the period
prior to the introduction of the assimilation of SSM/I
microwave water vapour data in July 1987, with ERA5
direct P—E overestimating by up to 0.1 mm d ! in the
mean and the moisture divergence estimates underes-
timating P—E minimum by up to 0.1 mmd~!. Good
agreement across datasets after the 1980s suggests
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that this recent period is more robust in determining
hydroclimatic changes.

For mean and maximum P—E over global land,
substantial interannual variability is captured by the
GPCP (and GPCC gauge-only) records, the amip
simulations and ERA5 moisture divergence estim-
ate as well as ERA5 P—E after the 1990s; this is
primarily driven by unforced variability and so is
absent in the historical simulation ensemble mean.
A peak in 2010/11 P—E is associated with wet La
Nina conditions over northern South America and
Australia and replenishment of water in these regions
and southeast Asia following the comparatively dry
2009/10 EI Nino; this temporary additional terrestrial
water storage resulted in a noticeable drop in sea level

(Boening et al 2012). In contrast, a decline in mean
and maximum P—E up to the El Nino of 2015/16
is associated with a drop in terrestrial water stor-
age over Brazil and southern Africa (Blunden and
Arndt 2016). Annual 1 month maximum and min-
imum P—E changes are qualitatively similar, with one
notable exception: the GPCP/ERA5 estimate displays
large decreases in P—E maximum and increases in
the minimum before 2000 over the ocean, suggest-
ing inhomogeneity in the satellite dataset estimates of
low monthly rainfall totals that is not apparent when
averaging over a seasonal time-scale (figures S10 and
S14). Therefore, the observational period since 2000
is expected to be more robust for inferring hydrocli-
matic changes than the earlier period.
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Figure 5. Projected P—E changes (2080-2100 minus 1995-2013) for (a)—(c) annual mean, (d)—(f) annual 3 month maximum and
(g)—(i) annual 3 month minimum globally (left) and for zonal means over ocean (centre) and land (right). Stippling denotes 80%
of models agree on the sign of change. Contours denote P—E = 0 over the ocean. Scatter plots show changes in global ocean or
global land mean P—E annual 3 month maximum or minimum with global mean surface air temperature change for each model
(j)—(m); letters as in table 1.

3.3. Future projections

Present day trends in P—E annual minimum and
maximum continue across the twenty-first cen-
tury in ssp2-4.5 projections, with changes for 2080—
2100 minus 1995-2013 as large in magnitude as
+0.44 mmd~! for maximum and —0.26 mmd !
for minimum (HadGEM3) in the global mean
(figures 4(a), (b) and table 2); these trends also begin
to emerge over the global land (figures 4(c)—(e)),
in contrast to the present day changes. Mean
P—E increases over global land by ~0.04 mmd~!
in the ensemble mean (table 2), reflecting the

increase in moisture fluxes from ocean to land
(Gimeno et al 2020); a corresponding smaller
magnitude decline in global ocean mean P—E
reflects the larger ocean area such that global
P—E ~0.

Future projections in P—E (figure 5(a)) generally
show an amplification of existing P—E (figure 1(b))
which is dominated by the oceans (figures 2(f)
and 5(b)) with less coherent changes evident over
land (figure 5(c)), consistent with past studies
(e.g. Held and Soden 2006, Greve and Seneviratne
2015). More general increases in annual maximum

8



10P Publishing

Environ. Res. Lett. 18 (2023) 094004 R P Allan
Table 2. Global, ocean and land projected change (2080-2099 ssp2-4.5 minus 19952013 historical) in mean P—E for 3 month
maximum, minimum and annual mean and global mean surface temperature change (AT) across models.

A(P-E) (mmd™") Global Ocean Land AT (K)
Model MAX MIN MAX MEAN MIN MAX MEAN MIN Global
ACCESS-ESM1-5 0.16 —0.13 0.13 —0.02 —0.16 0.25 0.06 —0.04 2.2
BCC-CSM2-MR 0.15 —0.10 0.14 —0.01 —0.11 0.16 0.02 —0.06 1.8
CanESM5 0.24 —0.18 0.22 —0.03 —0.22 0.28 0.07 —0.07 2.9
CESM2 0.34 —0.21 0.39 —0.02 —0.28 0.21 0.04 —0.04 2.4
CESM2-WACCM 0.34 —0.20 0.42 —0.00 —0.25 0.14 0.00 —0.06 2.4
CMCC-CM2-SR5 0.22 —0.16 0.17 —0.03 —0.20 0.34 0.09 —0.07 2.5
CNRM-CM6-1 0.16 —0.13 0.18 —0.01 —0.17 0.10 0.03 —0.03 2.3
CNRM-ESM2-1 0.21 —0.13 0.24 —0.01 —0.18 0.14 0.03 —0.02 2.3
GFDL-ESM4 0.16 —0.11 0.19 —0.00 —0.15 0.09 0.01 —0.03 1.6
GISS-E2-1-G 0.22 —0.13 0.26 0.00 —0.16 0.11 —0.00 —0.07 2.4
HadGEM3-GC31-LL 0.36 —0.21 0.40 —0.02 —0.28 0.26 0.06 —0.02 3.1
INM-CM5-0 0.10 —0.07 0.08 —0.01 —0.09 0.13 0.04 —0.02 1.5
IPSL-CM6A-LR 0.22 —0.13 0.18 —0.04 —0.17 0.33 0.10 —0.03 2.5
MIROC6 0.10 —0.07 0.06 —0.02 —0.08 0.18 0.04 —0.05 1.6
MRI-ESM2-0 0.31 —0.19 0.33 —0.01 —0.22 0.25 0.03 —0.14 2.0
NorESM2-LM 0.14 —0.09 0.18 0.01 —0.12 0.02 —0.03 —0.03 1.5
UKESM1-0-LL 0.44 —0.26 0.48 —0.02 —0.33 0.33 0.06 —0.08 3.3
Ensemble mean 0.23 —0.15 0.24 —0.02 —0.19 0.20 0.04 —0.05 2.3

P—E (figure 5(d)) and decreases in minimum P—E
(figure 5(g)) are evident. There is an increase in
maximum P—E over land in the CMIP6 ensemble
mean at all latitudes, apart from 40 to 50°S with
robust increases across all models over high-latitude
land (figure 5(f)). Decreases in annual minimum
P—E over land are only robust over northern North
America and Eurasia (0-0.3 mmd~! more negat-
ive P—E around 40-70 °N; figure 5(i)). There is a
general decrease in P—E minimum (more negat-
ive) over the ocean, particularly in the subtropics, but
there are weak increases over the Southern Ocean and
Antarctica and in the north Atlantic/Greenland/west
Arctic region. There is an amplification in annual
3 month maximum minus minimum P—E range
over most (86%) of the globe (figure S17); the mag-
nitude change is dominated by increases in maximum
over tropical wet regions, while a decrease in P—E
range occurs in subtropical ocean regions of neg-
ative mean P—E but also over land regions subject
to long-term drying such as parts of the Amazon,
southern Africa, central Australia and the south-
west USA. However, percentage changes in P—E
range are generally larger over land (figures S17(e)
and (f)), where mean P—E is smaller in magnitude
than the ocean, and increases in P—E range greater
than 20% occur over high-latitude regions including
Siberia and Canada, as well as the equatorial Pacific
(figure S17(d)).

It is noteworthy that the spatial patterns of future
changes in annual maximum and minimum P—E
(figures 5(d) and (g)) show qualitative similarity
to present day trends (figures 3(e) and (h)) with
increases in maximum P—E in the equatorial belt

and decreases in the subtropical subsidence zones.
Contraction and intensification of the ITCZ is an
expected consequence of global warming (Byrne et al
2018, Su et al 2020) and this may be evident as bands
of stronger decreases in P—E minimum over the east
Pacific in recent trends (figure 3(h)) and future pro-
jections (figure 5(g)). Similarity in water cycle trends
in the present day and future changes in dry season
intensity have previously been documented across
Brazil and southern Africa (e.g. Wainwright et al
2022) and attributed in part to greater warming over
land than ocean, yet similar signals are not evident in
P—E minimum.

Models simulating greater warming produce a
larger amplification of global ocean or land mean
P—E (figures 5(j)-(m)) and its seasonal range
(figures S17(e) and (f)) with more positive max-
imum and more negative minimum as expected
from thermodynamic arguments (Held and Soden
2006). For example, the UKESM produces the largest
magnitude warming and P—E changes; water cycle
changes across warming levels are discussed fur-
ther by Swaminathan et al (2022) who identify dry-
ing in the Amazon and heavier Indian monsoons.
Over land, although there is a clear increase in P—E
maximum with warming across models, there is a less
coherent decrease in P—E minimum with warming
and the MRI-ESM2 model is an outlier. The strong
decline in P—E minimum relative to the warm-
ing level may be linked to a previously identified
hydrological response over land: in the 4xCO?2 exper-
iment the MRI-ESM2 model displayed a larger rapid
increase in P in response to radiative forcing but
a slower (compared to the IPSL-CM6A-LR model)
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increase in P with the resulting multi decadal warm- (3) Current changes in P—E show increases in annual

ing (Allan et al 2020). The MRI-ESM2 model histor-
ical simulation produces one of the largest magnitude
global maximum (+2.6 mmd~!) and minimum
(—2.15mmd ') P—E change that is also the case for
the minimum P—E over global land (—1.45 mm d-1
table 1); this distinct behaviour and less coherent
response of land P—E seasonality to warming merits
further analysis.

4, Conclusions

Precipitation minus evaporation determines the rate
of input or loss of fresh water at the surface and is a
fundamental diagnostic of climate change, playing a
central role in the intensification of the water cycle
with global warming. Despite a focus on daily and
subseasonal weather extremes in relation to climate
change (Seneviratne etal 2021), longer time-scale sea-
sonal extremes are also important for impacts on soci-
eties (e.g. Marsh et al 2013, Wainwright et al 2021,
Douville et al 2022). This can be particularly acute
for rapid transitions between dry and wet conditions
(Chen et al 2022, Chen and Wang 2022, Black 2023,
Tan et al 2023). Analysis of changes in annual max-
imum and minimum P—E are therefore informative
in assessing emerging signals of climate change and
their regional manifestation, particularly in relation
to wet seasons and periods as well as the onset of dry
seasons and periods. This motivated the analysis of
changes in annual mean, maximum and minimum
P—E, which were assessed globally over the period
1950-2100 in observation-based datasets and climate
model simulations. The main conclusions are:

(1) Maximum P—E is positive globally apart from
subtropical ocean subsidence regions. Climate
model historical simulations overestimate max-
imum P—E by around 3 mm d ! over the 010 °S
latitudes compared to GPCP/ERAS5, particularly
over the oceans but also in the equatorial north
equatorial Pacific. These biases are less apparent
in the zonal mean for amip simulations applying
observed sea surface temperatures. GPCP/ERA5
produces higher P—E maximum over the ocean
around 30-50°S than historical and amip sim-
ulations, but also relative to the ERA5 estim-
ates suggesting it may be an artifact of GPCP
observations.

(2) Although multiannual P—E is positive over land,
balancing runoff and river discharge, the onset of
dry seasons or periods is associated with negat-
ive P—E. Seasonal minimum P—E is predomin-
antly negative globally apart from high-latitude
oceans and, for 3 month minimum only, small
areas of the tropics, such as the tropical warm
pool. Amplification of P—E patterns are there-
fore physically linked with stronger seasonality in
water availability.
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(4)

(5)

(6)

(7)

maximum around 0-10 °N of up to 0.3 mmd~!
over the period 1983-2019, consistent with a
northward movement of the tropical rain belt
associated with greenhouse gas forcing and to a
lesser extent changes in aerosol (e.g. Dong and
Sutton 2015, Hirasawa et al 2022). An observed
P—E decline in the tropical east Pacific is stronger
than in historical simulations but represented by
amip, and linked to weaker warming in this region
than simulated by coupled models since 1979
(Dong et al 2021, Andrews et al 2022). Trends
in P—E minimum are generally negative over the
oceans but not statistically significant.

All datasets display an increase in global average
P—E maximum and decrease in P—E minimum
since the 1980s that is dominated by the oceans
and continues across the twenty-first century.
Global P—E maximum increases by 0.23 mmd ™!
(~4% per °C global warming) and P—E min-
imum decreases by —0.15 mmd~! (~3%/°C)
from 1995-2014 to 2080-2100 in the climate
model ensemble mean. Climate models that sim-
ulate more warming also simulate stronger ampli-
fication in P—E seasonality (e.g. UKESM1 warms
by 3.3°C with +0.44 mmd~! increase in max-
imum and —0.26 mmd ™! decrease in minimum
P—E globally).

Amplification in annual maximum and min-
imum P-E is dominated by the ocean in the
present day with less coherence across data-
sets over land in recent decades. However, this
amplification also emerges over land in future
projections (ensemble mean P—E maximum
increase of 0.2 mmd~! and P-E minimum
decrease of —0.05 mmd~! from 1995-2014 to
2080-2100).

Future changes in annual maximum and min-
imum P—E show qualitatively similar spatial
patterns to present day trends, with increases
in maximum P—E in the equatorial belt and
high-latitude regions, but decreases in the sub-
tropical subsidence zones. Annual minimum
P—E decreases over much of the global ocean
equatorwards of 45° apart from the equat-
orial band and there are also coherent decreases
up to —0.3 mmd~! over northern mid-high-
latitude land (e.g. northern Eurasia and Canada).
However, regional signals of dry season intensi-
fication over South America and southern Africa
(Wainwright et al 2022) are not apparent in the
present study, highlighting how hydroclimatic
diagnostics are distinctly related across contrast-
ing impacts.

There is a less coherent relationship between
decreases in annual minimum P—E and global
warming for land with the MRI-ESM2 model
exhibiting the largest sensitivity (—0.14 mmd~!
for 2 °C global warming, equivalent to a change of
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5%/°C) that may be linked with a muted hydrolo-
gical response to warming over land in this model
based on results from previous idealized experi-
ments (Allan et al 2020).

The increases in maximum and decreases in min-
imum annual P—E identified over land in the present
study will intensify wet and dry periods and sea-
sons that can be associated with impacts from flood-
ing or drought, as well as restricting the availabil-
ity of water (Caretta et al 2023). Changes in atmo-
spheric circulation from year to year (including El
Nino Southern Oscillation variability) or in response
to climate change affect the frequency and intensity
of regional extremes. However, amplified seasonal-
ity in P—E will continue to intensify the subseasonal
and interannual variability in water availability and
increase the severity of flooding and drought events
where and when they occur as climate continues to
warm due to greenhouse gas emissions from human
activities.

The magnitude of global changes in P—E max-
imum and minimum of around 3%-4% per °C
of global warming are, however, lower than the
rate of low-altitude saturation water vapour pres-
sure increases of about 6-7%/°C dictated by the
Clausius Clapeyron equation but greater than the
expected global increase in precipitation with warm-
ing of around 2-3%/°C (Allan et al 2020). A consist-
ent magnitude increase in the global ensemble mean
P—E seasonal range of 3.7%/°C is also computed,
based on tables 1 and 2: P—E maximum minus min-
imum increases from 4.48 mm d ! for the present day
to 4.86 mmd~! by 2080-2099, an increase of 8.4%
for a 2.3 °C global warming. An amplified seasonal
range in P—E that is less than the thermodynamic
increase in water vapor is to be expected since at the
monthly scale, a mix of meteorological conditions
can be experienced, associated with convergent and
divergent moisture fluxes. Additionally, a weakening
of tropical circulation, in part explained by the
interaction of energy and moisture balances achieved
by the climate system, acts to suppress moisture trans-
port from net evaporative regions into storm sys-
tems and monsoons (Allan 2012, Chadwick et al
2013). However, projected increases in P—E seasonal
range greater than 20% (around 9%/°C global warm-
ing) have been identified for some regions, including
northern Eurasia and northern North America as well
as the equatorial Pacific.

Daily characteristics of precipitation and soil
moisture, including their seasonal accumulation, are
also important in driving changes in hydroclimato-
logy and water availability (Wainwright et al 2022,
Ficklin et al 2022, Slette et al 2022, Duan et al 2023,
Zaitchik et al 2023) but are beyond the scope of the
present study. It would also be valuable to further
evaluate high-resolution and convection-permitting
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models since a more realistic frequency and intensity
distribution of precipitation may improve the parti-
tioning of precipitation between runoff and storage
as well as seasonal P—E and its future projections.

Finally, it is a priority to understand diversity
across models and their realism in projecting hydro-
climatic response to global warming, including land—
sea warming contrast, relative humidity decline,
vegetation response to warming and land use change,
stomatal response to elevated CO, (Berg et al 2016,
Dunn etal 2017, Byrne and O’Gorman 2018, Douville
et al 2020, Liu et al 2023), and robust responses in
atmospheric circulation to global warming and its
spatial pattern (Byrne et al 2018, Watt-Meyer et al
2019, Grise and Davis 2020, Su et al 2020, Zhao et al
2020, Mamalakis et al 2021). One additional pos-
sibility is to seek relationships between observable
responses in P—E seasonality to interannual variab-
ility and corresponding changes simulated in future
projections (or emergent constraints), with a focus on
land where the impacts of water availability acutely
influence human societies and the ecosystems upon
which they depend.
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