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Evapotranspiration saturation amplifies
climate sensitivity of terrestrial water yield

Eyal Rotenberg 1 , Fyodor Tatarinov1, JonathanD.Muller 1,2 &DanYakir 1

Predicted climate change over land indicates decreasing precipitation inmany
regions and increased flooding in others. Globally, over 60% of land pre-
cipitation is consumed by evapotranspiration (ET); the remainder, available as
runoff, recharge, and for consumption, is termed water yield (WY). Using a
global dataset, we show that ET from ecosystems reaches a ‘saturation’ limit of
about 480 ± 210mmyr⁻¹ across climates and biomes, well below the energy-
based limit predicted by the Budyko equation. This inflexibility in ET increases
the sensitivity of WY to precipitation variability, implying enhanced vulner-
ability to flooding in wet regions and an accelerated approach to the limits of
ecosystem and societal sustainability in dry regions. Both effects are also
supported bymodel-based projections.WY thus provides amore sensitive and
integrative indicator of climate impacts on terrestrial water resources and
associated risks for ecosystems and society.

Climate change is altering the global hydrological cycle, with sig-
nificant implications for precipitation patterns (P), evapotranspiration
(ET), and water availability1–3. Water availability—the surplus of pre-
cipitation after ET—governs runoff, aquifer recharge, and the water
accessible for ecosystem services and society. Globally, about 63% of
annual land precipitation is consumed by ET4,5, making the remainder,
termed water yield (WY), a critical indicator of environmental and
societal resilience to climate variability6–10:

WY=P�ET

where ET includes leaf transpiration, soil evaporation, and evaporation
associated with canopy interception, and WY includes recharge to
deeper soil layers and aquifers, runoff, and changes in soil water
storage.

Understanding the controls on ET has often relied on frameworks
such as the Budyko equation, which describes the balance between
water supply (precipitation, P) and atmospheric demand (potential ET,
PET) based on the relationship between the evaporative index (ET/P)
and the dryness index (PET/P)10–12. These empirical relationships sug-
gest that ET is constrained by water in dry regions and by energy in
humid ones, implying that ET should increase with P or PET as long as
moisture or energy are available.Water yield and its runoff component

have been extensively studied at the watershed and basin scales for
decades13,14, typically using annual precipitation and runoff measure-
ments in hydrologically closed catchments, where Budyko-type
approaches have shown considerable potential.

However, at the ecosystem scale, ET has been increasingly mea-
sured directly at high spatial and temporal resolutions using eddy
covariance (EC) methods, widely implemented across the global
FLUXNET network14–18. These observations demonstrate that ET is
highly regulated by a range of ecophysiological factors, beyond the
physical assumptions of the Budyko framework.

In addition to precipitation and energy, ET is controlled by sto-
matal conductance, which responds dynamically to atmospheric
conditions, such as vapor pressuredeficit (VPD), as well as by hydraulic
limitations in transporting water from soil to the canopy19–23.
Ecosystem-scale ET is also influenced by canopy traits and energy
dissipation mechanisms, including non-evaporative heat loss via sen-
sible heat flux (H), at both canopy24–26 and leaf scales27,28. Precipitation
must also translate into plant-available soil moisture before con-
tributing to ET, making soil properties and rainfall distribution, as well
as soil evaporation important intermediaries. Rising atmospheric CO₂
levels further complicate this picture: although increased CO₂ can
reduce stomatal conductance, it may be offset by increased leaf area
and elevated VPD20,22,29–31. This biological regulation of ET reflects
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evolutionary trade-offs between carbon gain and water conservation,
optimizing water-use efficiency (WUE =GPP/ET)32.

Consequently, while precipitation remains a foundational climate
metric, WY provides an integrative measure that reflects both atmo-
spheric forcing and ecosystem-level regulation at different time
scales13,14,33. It captures the consequences of changes in ET resulting
from both climatic and biological processes.

This framework is particularly relevant for understanding eco-
system sustainability. The threshold for viability is not when P reaches
zero, but when WY falls to zero8,34 (assuming that soil water storage
serves as a limited, short-term buffer)35,36. In such conditions, all pre-
cipitation is consumed by ET, leaving no residual water for runoff,
recharge, or buffering against drought. Repeated years of WY=0
increase the likelihood of vegetation mortality, biome shifts, and
desertification, which in turn can generate feedbacks to the climate
system34.

Here, we hypothesize that climate change will affect water yield
more strongly than it affects precipitation itself, because when supply
(water, energy) is available, ET remains relatively inflexible due to
ecophysiological regulations. Using a global dataset of eddy covar-
iance (EC) measurements, we assess the reliability of ET predictions
derived from Budyko-type models. Our analysis reveals that actual ET
exhibits an apparent “saturation”—a relatively fixed upper bound well
below Budyko’s predicted values7. This observation challenges the
assumption that ET continues to rise with increasing precipitation and
energy supply. When ET remains relatively constant, changes in pre-
cipitation are more directly expressed as changes in WY (i.e., WY = P –

ET), amplifying the sensitivity of water yield to climate variability3.

Results & discussion
Apparent evapotranspiration ‘saturation effect’: Evapotranspiration
values calculated from the Budyko equation (i.e., predicted ET values;
ETpred) were compared with the corresponding values obtained from
eddy covariance measurements (i.e., observed ET values; ETobs) at the
FLUXNET sites used in this study (Fig. 1A). The comparison shows that,
above an evapotranspiration threshold of ~500mm, the observed
evapotranspiration values are well below the Budyko predicted values.
Our analysis,whichwas based on 1041 ETdata years across 185 globally
distributed sites, further indicates that observed evapotranspiration
demonstrates an apparent saturation limit, with little variation across
sites and year, of 480 ± 210mmcomparedwith aprecipitation rangeof
about 3500mm (Fig. 1B, S1). Only rarely (21 times in all the data years)
did evapotranspiration in forest and in savanna ecosystems (in high

net radiation sites, mostly in the tropics) exceed 1000mm. This
apparent ‘saturation’ response (i.e., evapotranspiration outflux
approaches a limit as precipitation influx continues to increase) is
demonstrated in Fig. 1B using data across biomes and climates. Some
decline in evapotranspiration with increasing precipitation was also
observed in a few very wet forest sites, which is likely due to low
temperatures and limited radiation. Some sites with limited data (MF,
EBF) showed no dependence of evapotranspiration on precipita-
tion (Fig. S1).

In all biome types, a close linkage between changes in evapo-
transpiration and changes in precipitation is only observed in the
water-limiting range (at low precipitation values). At higher, non-
limiting precipitation, evapotranspiration is not limited by the moist-
ure supply side but by the available energy (mainly net radiation; Rn).
Nevertheless, the data across all biomes and climates do not support
such an energy limitation (Fig. 1C, S2). The global slope of 0.42
observed for thefluxof latent heat of evaporation (LE = λ·ET; whereλ is
the enthalpy of water vaporization) as a function of the ecosystem’s
annualmean net radiation (Fig. 1C) indicates thatmost of the absorbed
energy is not used for evaporation. Instead, the excess energymust be
dissipated through other pathways, most likely dominated by sensible
heat flux. Even in biomes for which the slope of the latent heat versus
net radiation curve is higher, the slope remained well below the
energy-limiting line (where LE = Rn; Fig. S2).

The effect of interactions between supply (amount of precipita-
tion and regime) and demand (mainly Rn and VPD) on evapo-
transpiration is associated with a range of physical and physiological
factors that are often summarized in the widely used Penman-
Monteith equation37 or in the simplified form of the Priestley-Taylor
equation38. However, based on these equations, evapotranspiration is
expected to increase nearly linearly to at least ~1600mm, and non-
linearly to ~3000mm, with increasing precipitation, net radiation, and
vapor pressure deficit, which is not observed in the actual eddy cov-
ariance data (Figs. 1B, C, S3).

Similar results of conservative evapotranspiration response were
observed when the influence of the mean annual air temperature
(Fig. S4) or of annual mean water vapor pressure deficit (Fig. S5) were
examined. For example, for ENF sites, an increase in the annual average
temperature (Ta) from 0° to 20° was associated with a corresponding
increase in mean annual evapotranspiration of less than 100mm
(Fig. S4). Some effects of climatic conditions (P, Rn, and Ta, but not
VPD39) on ET were clearly evident only for the savannas and shrubland
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Fig. 1 | Evapotranspiration saturation across ecosystems. A Relationship across
global FLUXNET sites between mean annual evapotranspiration (ETobs) and pre-
dicted annual evapotranspiration (ETpred), calculated using the Budyko equation
with PET derived from the Priestley–Taylor method. Data are binned by 100mm
intervals of precipitation. Error bars indicate standard deviations; the blue line
represents the 1:1 line. Data include 453 data years from 182 sites. Two sitesmarked
by red circle (4years)wereexcluded from regression.BDependenceof annual total
observed ET on the measured annual precipitation (P) binned by 100mm of

precipitation. Error bars represent standarddeviations, the blue line is 1:1 line, a few
outliers (representing 9 years out 867 data years) were excluded from the regres-
sion (marked by red circles).; andC dependence of annualmean latent heatflux (LE
= λ·ETobs, where λ is the enthalpy of vaporization) on annual mean net radiation
(Rn), grouped by precipitation classes (in mm yr⁻¹), using data from all biomes. N
indicates the number of site-years available; differences inN reflect variation indata
completeness across variables.

Article https://doi.org/10.1038/s41467-025-66570-6

Nature Communications |        (2025) 16:11577 2

www.nature.com/naturecommunications


biomes, but these findings may reflect the low availability of data for
those biomes.

Mechanistic basis supporting ET saturation: Our analysis reveals a
robust saturation of ecosystem evapotranspiration (ET) at around
480 ± 210mmyr⁻¹, well below values predicted by Budyko-type
energy- and supply-driven models. A key implication of this finding
is that ET is not simply constrained by atmospheric drivers (pre-
cipitation or net radiation), but reflects also strong internal coupling to
leaf physiology in general, and to gross primary production (GPP) in
particular (Fig. S6).

A compelling explanation for this saturation emerges from the
tight physiological coupling between transpiration and photosynth-
esis. At the leaf level, stomatal conductance regulates water vapor loss
primarily to optimize carbon gain39,40. Photosynthesis, however, satu-
rates under moderate to high radiation due to biochemical limits on
carboxylation, electron transport, and triose phosphate utilization41,42.
Once photosynthetic demand is met, stomatal aperture no longer
increaseswith light, thereby limiting transpiration evenwhen radiation
and vapor pressure deficit (VPD) rise further22. Similarly, pigment light
saturation imposes physical limits on the use of absorbed radiation for
photochemistry. When pigment systems are saturated, excess energy
is increasingly dissipated as sensible heat flux (H), as observed in our
global evaluation of the Bowen ratio (β = 1.1 ± 0.6) and evaporative
fraction (EF =0.47; Fig. S7). This is consistent with independent
reports18,43. Effective heat dissipation via the so-called ‘convector
effect’ also highlights the significant reliance on sensible heat, in tan-
dem with evapotranspiration, to achieve heat dissipation and tem-
perature control at both the canopy24–26 and the leaf scales27,28.

This interpretation is further supported by global patterns of
water use efficiency (WUE =GPP/ET), which provide a direct measure
of the carbon–water coupling. Multiple datasets show that WUE is
relatively stable across climates and converges toward biome-specific
optima, reflecting the optimization of stomatal behavior32,44–46. For
example (Xue et al., 2015) demonstrate thatWUE tends to plateau once
leaf area index (LAI) exceeds ~2m² m⁻², incoming solar radiation
exceeds ~140Wm⁻², and is insensitive to annual scale precipitation,
indicating that canopy photosynthetic capacity constrains further
increases in both GPP and ET. Recent ECOSTRESS-based global ana-
lyses confirm that plant functional types converge on narrow ranges of
WUE despite diverse climates, underscoring biological regulation
rather than environmental supply as the dominant control46. Our
observational data-set clearly confirms this perspective, demonstrat-
ing a strong link between ET and GPP and a clear GPP-like saturation
behavior (Fig. S6).

Thus, ET saturation can be viewed as an emergent property of
constrained WUE. Because plants maintain a relatively stable ratio of
carbon gain to water loss, ET cannot independently track increases in
water or energy availability. Instead, optimization of carbon-water
exchange, and biophysical limits on energy partitioning jointly
constrain ET.

We also considered alternative possibilities, such as related to
measurement uncertainty in eddy-covariance flux data. A primary
concern is the energy balance closure (EBC) gap, which persists at
most FLUXNET sites. Mauder et al. (2020; 2024)47,48 show that the
typical EBC ratio is ~0.85 (i.e., a global mean shortfall of ~15% between
available energy and the sum of latent and sensible heat fluxes).
Importantly, their analysis shows that EBC is relatively narrow across
sites, and that this under-closure is primarily due to underestimation
of sensible heat flux (H) rather than latent heat (LE), which directly
governs evapotranspiration. Even under the extreme assumption that
the entire missing energy were due to underestimated LE, the ET
saturation threshold would rise from ~480mmyr⁻¹ to at most
~550mmyr⁻¹, a minor adjustment that does not alter our interpreta-
tion. Furthermore, the saturation trend persists across sites with both
high and low closure, and across both AmeriFlux and ICOS networks.

Thus, uncertainty in energy balance partitioning is unlikely to account
for the consistent and physiologically interpretable patterns in ET
behavior we observe globally.

We note, however, that this mechanistic interpretation should be
viewed as a hypothesis rather than a definitive explanation. Other
factors, such as soil moisture limitations, hydraulic constraints, or
boundary-layer feedbacks, may also contribute to ET saturation in
different contexts. While WUE provides a compelling unifying frame-
work, more research is clearly needed to disentangle the relative
contributions of these processes. A full mechanistic resolution lies
beyond the scope of the present study but represents an important
direction for future work.

Sensitivity of water yield to precipitation amount: In contrast to
the saturation patterns evident for evapotranspiration (ET), water yield
(WY) responds approximately linearly to precipitation (P) across the
full precipitation range at the biome scale (R² > 0.8 in most cases;
Fig. 2). Grasslands exhibit lower slopes than forests, likely due to faster
adjustments of total leaf area to changes in precipitation49.

This linearity reveals a striking sensitivity of WY to changes in P.
For example, a ~ 40% decline in precipitation (from ~700 to ~400mm,
within the range projected under climate change scenarios1,2) would
cause nearly a 100% reduction in WY—essentially eliminating any flow
of water beyond ET, in the absence of any ecosystem or land cover
adjustments. In other words, relative changes in WY are much larger
than the underlying changes in P. This amplification is most acute
under dry conditions, where WY is already close to zero, emphasizing
the vulnerability of ecosystems to drought and mortality. Vegetation
responses to such stress—including tree mortality, reduced stand
density, or transitions to grasses—can reduceET and eventually restore
positive WY, but often at the cost of biodiversity, carbon storage, and
ecosystem services49.

The concept of PWY=0, the precipitation threshold for zero WY
(the x-intercept in WY–P relationships), provides further insight.
Globally, PWY=0 averages 371 ± 88mm (Fig. 2, Table S1), a value con-
sistent with the ET saturation point of 480 ± 210mm noted above.
These thresholds likely reflect local adjustments in biome type, stand
density, and leaf area12,50,51. Importantly, PWY=0 defines the limit of
ecosystem sustainability: when precipitation balances ET on average,
ecosystems cannot persist indefinitely, since soil moisture carry-over
buffers water deficits for only 1–2 years17. Indeed, analyses of inter-
annual means of P and ET at sites with ≥3 years of data show only one
case where ET > P, and none when ≥5 years are considered. While
shallow groundwater can locally support ET, its influence is limited to
22–32% of the global land area52 and does not alter the global WY–P
relationship. Thus, while WY does not replace P or ET as a metric to
assess climate change, it offers a clear advantage in this context: it
integrates inputs and losses while magnifying their combined effects.

Notably, our observationally-based results demonstrating
enhanced sensitivity of water yield to changes in precipitation are also
observed in the widely used coupled model intercomparison project
(CMIP6) future projections. We obtained mean outputs for annual
precipitation and evaporation (E) over land from 27 CMIP6 models53

(see “Methods”) to examine the relative changes in the water yield
(termed here WYP-E) between the end of the 20th and the end of the
21st centuries (1980–1999 compared with 2080–2099, using the SSP5-
8.5 scenario) (Fig. 3).

It is important to note that vegetation responses to rising CO₂ and
climate change—such as changes in stomatal conductance, transpira-
tion, and leaf area—are already embedded in the CMIP6 Earth System
Models used here54,55. These physiological effects arewell documented
to modify evapotranspiration and water fluxes, and thus are implicitly
included in model-based WY = (P–E) projections.

Consistent with our observational results, the model projections
demonstrate that indrying regions, a 21%decrease in P (e.g., from~500
to ~400mm, as projected for the Mediterranean) is associated with an
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~87% decline in WYP-E (Fig. 3)—a fourfold amplification. Conversely, a
21% increase inP (e.g., from~800 to ~970mm) yields a ~ 44% increase in
WYP-E, a two-fold amplification. Across drying regions, the mean
(negative) enhancement ratio (ΔWYP-E/ΔP) is 155%, comparedwith 112%
in wetter regions. This asymmetric amplification resembles that
observed in productivity responses51,56. While uncertainties remain in
the magnitude of these responses across models, their incorporation
reinforces our conclusion that WY is a sensitive, and amplifying, indi-
cator of future climate projections.

Taken together, these results highlight that all water-budget
terms matter, but WY has a particular advantage for climate change
impact assessment. By combining integration across terms with
amplified sensitivity, WY provides a powerful lens for identifying
ecosystem thresholds, sustainability limits, and risks to water
resources57.

Insights from site-scale evapotranspiration and water yield: The
56 sites that reported at least six years of evapotranspiration data with
a sufficiently large range in precipitation (average Pmax/Pmin ~ 2.5)
permitted the analysis of water yield versus precipitation at the single
site level. In some cases, paired sites with different vegetation types
could also be used (Fig. 4, Table S2). Such higher resolution analysis
revealed patterns similar to those observed at the larger biome scale,
with large inter-annual variations in precipitation (e.g., a P range of
~600mm; Fig. 4A), but a conservative range of evapotranspiration
values (ET range of ~250mm; Fig. 4A red data points), and a highly
linear WY to P correlations in all sites (R2 > 0.8). Examining paired
forest and non-forest ecosystems located in close proximity to each
other demonstrates the impact of vegetation type on the sustainability
limit (i.e., on their PWY=0 value obtained from the equations in Fig. 4),
which is as high as 551mm in the forests but only 276mm in the
adjacent non-forest grassland site (Fig. 4B). These site-scale results
highlight both the high sensitivity of water yield to decreases in pre-
cipitation and the significance of land cover type for sustainability.
Such results also indicate the ecosystem ‘safety margin’, that is, the
difference between the annual mean precipitation and the

PWY=0 values. Such a safety margin demonstrates, first, the extent to
which average evapotranspiration can be maintained as average pre-
cipitation declines while still permitting residual water yield (P > ET).
For example, the results in Fig. 4B (and the equations therein) indicate
a safety margin of 195mm for forest biomes (being the difference
betweenmeanP = 746 and the localWYP=0 = 551mmy-1). Second, it can
be greatly extended to 470mm in the grassland at the same location.
Alternatively, ecosystem adjustments through tree mortality and
reduced stand density can occur and will also improve water avail-
ability for societal needs.

In conclusion, we show that, for a given land cover and land use,
ecosystem evapotranspiration values are surprisingly conservative.
Evapotranspiration exhibits apparent saturation at a value below the
energy limiting values and largely independent of climate and biome
type. This inflexibility amplifies the sensitivity of water yield (WY) to
precipitation variability, such that small changes in P lead to dis-
proportionately large impacts onWY. This sensitivity is evident across
observations and model projections with implications for increased
flood risk in wetter regions and ecological collapse in drier zones. In
suchcases, land cover andwatermanagementmust change2,7. Given its
capacity to integrate both climatic forcing and biological regulation,
WY should be adopted as an important indicator of hydrological sen-
sitivity and ecosystem sustainability under climate change.

Methods
Data source
We obtained evapotranspiration (ET), precipitation (P), gross primary
production (GPP) and related meteorological data from the EuroFlux
(http://gaia.agraria.unitus.it/home), FLUXNET, AsiaFlux (https://www.
asiaflux.net/), and AmeriFlux (https://ameriflux.lbl.gov/) databases of
eddy covariance flux stations around the globe. We selected forest,
grass, savanna, and shrub ecosystems, while excluding urban, agri-
cultural, wetland, and water body sites, such that, of the 867 sites,
365 sites providing 2745 observation years were retained. For 162 of
these sites, concurrent annual P and ET data were available for at least
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one year, totaling 855 data years suitable for annual WY calculation. A
summary of the data used, the source of the data, and available links to
it are provided in Table S2 and S3. The main quality control algorithm
used in the data preparation is described below. The sites used in the
study provided a global coverage of most geographical and climatic
zones (Fig. S8).

The dataset also includes 20 years of continuous flux measure-
ments from the Yatir forest eddy covariance site17,58 and seasonal
measurements at two additional sites (Kadita andBirya) along anatural
rainfall gradient within Israel extended to an annual scale59,60, Table S4.
Themean annualprecipitation at theseTwosites is 285mm(Yatir), and
750mm (Birya and Kadita). Furthermore, of all sites (including forests,
shrubs, and grasses) for which potential evapotranspiration (PET) can
be calculated using the Food and Agriculture Organization’s Penman-

Monteith (FAO-PM) method, 107 (66%) are water-limited sites (i.e.,
PET/P > 1).

Data processing and quality control
Since the common temporal resolution between AmeriFlux, AsiaFlux,
Euroflux, and FLUXNET sites was half-hourly steps, we based our
analysis on this time step. As the databases usually include only data
for latent heat of evaporation (LE; Wm–2) but not ET (water vapor flux,
mol m–2s–1), we first converted the half-hourly LE to ET using the
equation ET = LE/λ, where λ is the specific heat of vaporization of
water, and then calculated daily totals (for flux variables) and means
(for meteorological variables). With regard to LE values obtained from
the Ameriflux network, gap-filled data were used when available
(LE_PI_F variable, see https://ameriflux.lbl.gov/data/aboutdata/data-
variables/) and, otherwise, primary LE data were used (LE variable).
As data for different variables were frequently missing for some half
hour periods within a day, the daily sum of half-hour periods (Xd) for
flux variables was calculated as Xd =Xhh � 48, where Xhh is the mean
value of half-hour periods for which variable X data were available, and
48 is the total number of half-hour periods in a day. Daysmissingmore
than eight half-hourly values of any variable were omitted from this
variable to ensure data quality.

Annual sums (for flux variables) and means (for meteorological
variables) were calculated similarly to daily values, keeping only data

Fig. 3 | Projected global changes in precipitation and enhanced water yield.
Projected (CMIP6; see “Methods”) changes in precipitation (P) andwater yield (WY)
over land, based onmulti-modelmeans for the periods 1980–1999 and 2080–2099
(denoted by subscripts 20 and 21, respectively).A Relative changes in precipitation
are calculated as: ΔP (%) = (P₂₁ − P₂₀) / P₂₀ × 100. B Relative changes in water yield
(WYP–E) are computed as: ΔWY (%) = (WY₂₁ − WY₂₀) / WY₂₀ × 100, where WY is
approximated as P − E. Values are plotted against baseline P₂₀. Positive (red) and
negative (blue) changes are shown separately for land areas within ±70° latitude.
Lines represent means within 100-mm precipitation bins. Green points ( ± 10%
change) are excluded from bin averaging. Inset maps show the spatial distribution
of relative changes in ΔP (panel A) and ΔWY (panel B), illustrating thatWY exhibits
enhanced relative changes compared with P. Note: In some dry regions (e.g., the
Sahel,Australia), even small reductions in Pproduce large relative changes inWY. In
~1.7% of land grid cells, WY decreased despite increases in P, mainly in parts of
Australia where evaporation was suppressed. The data were drawn using open-
source application by QGIS Association, http://www.qgis.org.
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average water yield (WY) at two paired ecosystem sites: a forest (ENF; Birya) and an
adjacent grassland (GRA; Kadita), both located in Israel (see the data in the
Table S3). Despite having the same mean annual precipitation (P) of 746mm, the
mean ET differs substantially between the sites (545mmyr⁻¹ for ENF and
366mmyr⁻¹ for GRA), resulting in distinct WY and PWY=0 values. B Comparison of
multi-year annual evapotranspiration (ET; insensitive to P), and water yield (WY;
high sensitivity to P) as a function of annual precipitation (P) at the Niwot Ridge
evergreen needleleaf forest (ENF) site in the United States (mean P = 800mmyr⁻¹;
mean ET= 589mmyr⁻¹). Site metadata for Niwot Ridge available at: https://
ameriflux.lbl.gov/sites/siteinfo/US-NR1.
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fromyearswithmore than300 availabledaily values recorded for each
variable. Annual flux sums (Xy, where X is P, ET, or Rn) were calculated
similarly to daily totals, using Xy =Xd � N, where Xd is the annual daily
average flux sum, and N is the number of days in the current year. We
assumed that years forwhich therewere data of any variable of interest
covering at least 40 half-hourly periods daily on at least 300 days were
representative of annual values for this variable.

For some Euroflux and FLUXNET-2015 database sites where the
amount of data in half-hourly files was insufficient according to the
quality control (QC) procedure described above but where the data in
annual files for the variables of interest had a high ( > 0.8) QC level (the
proportion of good data in a particular year, as provided by the site
management team, see, e.g., FLUXNET2015 Variables Quick Start
Guide, https://fluxnet.org/data/fluxnet2015-dataset/variables-quick-
start-guide/), the data from annual files were used. As QC was per-
formed for each variable separately, the number of annual values for
different variables could differ.

The sites with high mean LE/Rn ratios were checked manually for
possible errors in the data, and one site was excluded when yearly LE
was higher than Rn. A dryland site at which ET > P was recorded con-
sistently over a periodof several yearswas alsoexcluded, since this site
was not a closed system, likely due to water supply from the
water table.

Data analysis
The dependencies between the variables under study were analyzed
using linear and nonlinear regression. The effect of biome type on WY
and related variables was analyzed using ANOVA. Data processing was
performed using MATLAB 2023a software.

CMIP6 models used in the water yield forecast
Monthly precipitation and evaporation were taken from 27 CMIP6
models53 (listed below) under the ‘r1i1p1f1’ member. Specifically, we
analyzed the historical experiment (integrated between the years 1850
and 2014) and the future Shared Socioeconomic Pathway 8.5 (SSP5-
8.5) (through until year 2100).

The CMIP models (27) used for the simulation results reported
here were: ‘ACCESS-CM2’, ‘ACCESS-ESM1-5’, ‘AWI-CM-1-1-MR’, ‘BCC-
CSM2-MR’, ‘CAMS-CSM1-0’, ‘CESM2’, ‘CESM2-WACCM’, ‘CMCC-CM2-
SR5’, ‘CanESM5’, ‘EC-Earth3’, ‘EC-Earth3-Veg’, ‘FGOALS-f3-L’, ‘FGOALS-
g3’, ‘FIO-ESM-2-0’, ‘GFDL-ESM4’, ‘INM-CM4-8’, ‘INM-CM5-0’, ‘IPSL-
CM6A-LR’, ‘KACE-1-0-G’, ‘MIROC6’, ‘MPI-ESM1-2-HR’, ‘MPI-ESM1-2-LR’,
‘MRI-ESM2-0’, ‘NESM3’, ‘NorESM2-LM’, ‘NorESM2-MM’, and ‘TaiESM1’.

Data availability
All the data reported in Figs. 1, 2 and 4B, as well as the summary of the
data provided in Tables S1 and S2 are publicly available from the global
networks’ archives with the specific sites’ locations (Table S2) and the
relevant links and responsible PIs provided in Table S3. The data used
in Figure 5B are from the study described in Ref. 59, and the data used
in the figure provided in Table S4. CMIP6 data used in this paper are
publicly available (Earth System Grid Federation (ESGF)) as described
in Ref. 53. Figure 3 and S8 maps were prepared using open access
application by QGIS Association, http://www.qgis.org.
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