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Global water cycle shifts substantially beyond stable pre-industrial conditions
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Abstract: Human actions compromise the many life-supporting functions of the global
freshwater cycle. Yet, an encompassing analysis of humanity’s aggregate impact on the
freshwater cycle is still missing. We compare the current state of the freshwater cycle against a
stable reference state by estimating the global area experiencing streamflow and soil moisture
deviations beyond pre-industrial variability range. We propose replacing the current freshwater
use planetary boundary (PB) with our thus-defined freshwater change PB. Our analysis indicates
unprecedented change: locally, the impacts of e.g. climate change, land use, and dams, are
clearly visible. Globally, we find 70% and 44% increases in areas experiencing streamflow and
soil moisture deviations. This suggests a transgression of the PB, calling for urgent actions to
reduce human disturbance of the freshwater cycle.

One-Sentence Summary: Human disturbance of the global water cycle has led to a trajectory
away from stability — locally, regionally, and globally.
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Main Text: Freshwater is fundamental to all life on Earth. VVarious human pressures — such as
water and land use, climate change, and water infrastructure — now considerably modify the
quantity and timing of freshwater flows, with crucial implications for Earth’s climate and
ecosystems (1). Remarkable signals of water cycle changes include widespread and severe river
flow regime alterations (2), intensification (3) and homogenization (4) of the global water cycle,
and increases in the severity, frequency, and duration of extreme events (5). Despite the alarming
evidence of freshwater change, a comprehensive assessment of humanity’s aggregate impact on
the freshwater cycle and its life-supporting functions is still missing.

The global freshwater cycle’s integral role in a resilient Earth system is acknowledged by
including freshwater use as one of the nine planetary boundaries (PBs; represented by control
variables), which set safe boundaries to processes that together regulate the state of the Earth
system (6, 7). Initially, the freshwater use PB was defined by annual global blue water (surface
and groundwater) consumption as a proxy control variable that reflects precipitation partitioning
into blue and green water (terrestrial evaporation and soil moisture) flows and stocks, and
integrates the anthropogenic drivers impacting them (8).

The original assessment estimated human modifications of freshwater to be within safe
boundaries, but later estimates with more nuanced quantification of water availabilities (9) and
water consumption — by explicitly including also consumptive use of green water (10) —
suggested the PB is either being rapidly approached or has already been transgressed.
Nevertheless, the most recent update of the PB framework (7) concluded that the globally
aggregated status of the freshwater use PB is safe, although recognizing transgressions at the
basin scale, where safe boundaries were set based on minimum acceptable levels of river flows
to maintain an adequate state of aquatic ecosystems.

In addition to the conflicting results of freshwater PB assessments, both the original and more
recent PB estimates have been criticized for their limited capacity to capture the interconnected
direct and indirect anthropogenic pressures on the water cycle (11). These include e.g. land use
and land cover change, and anthropogenic greenhouse gas and aerosol emissions, which alter
evaporation, soil moisture, precipitation and runoff patterns (12—16). Previous approaches have
also been criticized for aggregating freshwater fluxes too broadly, e.g. by operating on an annual
scale or simply summing global water use and availability despite diverse local impacts (17, 18).
These simplifications may conceal important variation across space and time and overlook, or
cancel out, the often-contrasting impacts of human drivers on different parts of the water cycle.
For example, irrigation decreases streamflow but increases soil moisture, and hydropower
operations increase evaporation by reservoir impoundment, as well as shift water flows
temporally from the wet to the dry season and blue water scarcity hotspots from upstream to
downstream (19).

To acknowledge these limitations, recent studies have proposed sub-dividing the freshwater PB
into blue and green water components and adopting a bottom-up, area-based approach (1, 11,
20). Recently, a provisional analysis of Wang-Erlandsson et al. (20) proposed that the freshwater
PB should describe change rather than use, and found a likely transgression of the green water
component. Yet, previous works have not assessed how the blue and green water components
coevolve, or where the geographical hotspots of change are located. We advance the previous
work in three major ways: 1) representing the water cycle more comprehensively by including
both blue and green water components, 2) presenting the spatial distribution of freshwater
change to allow validation against previously reported local and regional freshwater changes and
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identification of priority areas for mitigation, and 3) utilizing a wide array of consistently forced
global hydrological models to capture inter-model uncertainties (21).

Following the recent developments, we propose replacing the original freshwater use PB with
two control variables for freshwater change, which measure the global area with streamflow
(blue water) or root-zone soil moisture (hereinafter referred to as soil moisture; green water)
deviations beyond variability during the relatively undisturbed pre-industrial period. Widespread
deviations from that ‘pristine’ state can be considered to pose elevated risks to the Earth system
functions of freshwater. For example, terrestrial and freshwater ecosystems have adapted to
specific quantities and timing of water flows (22—-24), and wetness of landscapes regulates
climate from micro- to regional and global scales, such that changes in (timing of) wetness in
one location can impact rainfall and consequently streamflow and soil moisture both locally and
remotely (25).

We used streamflow and soil moisture data simulated by an ensemble of state-of-the-art gridded
global hydrological models forced with consistent and bias-adjusted CMIP5 climate models and
dynamic socio-economic conditions (Table S1) (21). Based on a 200-year pre-industrial
reference period, we determined the range of normal variability (defined as 595" percentile
values) for each 0.5° grid cell and month, and compared historical (1861-2005) values against
these bounds to detect local deviations that are either dry (value below the 5" percentile) or wet
(value above the 95" percentile) (Fig. S1). We aggregated the local deviations — at regional and
global scales — to the percentage of ice-free land area with streamflow or soil moisture
deviations from pre-industrial variability. These constitute the two control variables (blue and
green water) that represent cumulative impacts on the water cycle — globally and regionally.

We found streamflow and soil moisture conditions to be stable during the pre-industrial period.
No visible trends in the percentage of global area with freshwater deviations were observed, and
apart from a few outliers, it varied within +/- 1.5 percentage points (pp) of the pre-industrial
median (9.3% of global area for blue water, 9.8% for green water). Pending robust
quantifications of Earth system-wide responses to water cycle modifications surpassing the pre-
industrial variability range, we propose the 95" percentile of pre-industrial global area with
deviations (i.e. occurring expectedly once in 20 years) as the new PB for freshwater change. This
corresponds to 10.4% of global area for blue water and 11.0% for green water (Fig. 1). We
hypothesize that persistent exceedance beyond these boundaries represents an unprecedented
shift in the global water cycle, and an elevated risk of weakening freshwater-dependent life-
supporting functions.

The global area with streamflow and soil moisture deviations started to steadily increase soon
after the pre-industrial period (Fig. 1). The 10-year moving mean of global area with streamflow
deviations permanently transgressed the PB (10.4%) in 1912 (ensemble 25" percentile in 1970),
and the degree of transgression continued to increase apart from two dips around 1940 and 1970.
Areas with wet or dry streamflow deviations currently (mean of 1996-2005) cover 17.7% (~ 23
million km?) of global area (Fig. 1a). This corresponds to a 70% (7.3 pp) increase compared to
the PB and 90% (8.4 pp) compared to the median of the pre-industrial variability range.
Considering the narrow (~ 3 pp) pre-industrial variability range, these changes are substantial. A
closer inspection indicates that dry streamflow deviations were still increasing in spatial
coverage by the end of our study period, while wet deviations had plateaued (Fig. S6b, c).

Green water change exhibits a similar, though slightly less severe pattern: the PB (11.0% of
global area) was permanently transgressed in 1928 (ensemble 25" percentile in 1975), after
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which the area with soil moisture deviations has consistently increased, apart from the two dips
in the latter half of the 20" century (Fig. 1b), which were also visible for blue water. During the
last decade of our analysis period, soil moisture deviations occurred on 15.8% (~ 20 million km?)
of global land, which is 43% (4.8 pp) above the PB and 61% (6.0 pp) above the pre-industrial
median. Opposite to streamflow deviations, wet soil moisture deviations continued to increase
towards the end of the 20™" century, while dry deviations were even declining slowly, yet
remaining considerably higher than during the pre-industrial period (Fig. S6e, f).

Our regional (river basin) aggregation of deviations shows that some regions transgressed their
upper limit of pre-industrial variability range (95" percentile) only in the late 20" century or not
yet at all (Fig. S7). Furthermore, mapping grid-level changes in the frequency of streamflow and
soil moisture deviations (Fig. 2, S8) reveals a general pattern of more frequent dry deviations of
both streamflow and soil moisture in much of the tropics and subtropics, with wet deviations
becoming more common in temperate and subpolar regions, and in many highland areas. This
global pattern likely arises from the precipitation change due to 1°C of mean global warming (5),
which affects both streamflow and soil moisture similarly if major human impacts on land
surface, such as land cover change and soil degradation, do not change precipitation partitioning
into blue and green water.

In contrast, increased frequency of dry streamflow deviations in combination with wet soil
moisture deviations in a given area most likely indicates an effect of irrigation expansion.

Indeed, we observe these cases in many heavily irrigated regions (26), such as South Asia,
eastern China, Western USA and the Nile delta (Fig. 3, pink color). These regions are also the
likely early drivers of globally aggregated deviations, as their irrigation extent was relatively
large already at the beginning of the 20" century (26). The Mississippi, Indus, and Nile basins,
for instance, were among the first regions where the extent of streamflow deviations permanently
transgressed their upper limit of pre-industrial variability range — in the Nile, this occurred also
for soil moisture deviations (Fig. S7).

Increases in both wet and dry streamflow deviations, as well as wet soil moisture deviations,
indicates another type of direct anthropogenic change (Fig. 3, dark blue). This could imply a
situation in which the natural river flow regime has been altered by dam operation (decreased
flood peaks and increased dry season streamflow) in combination with extensive irrigation
(decreased streamflow, increased soil moisture). These cases can be found in many heavily
modified river basins, such as the Nile, the Aral Sea , and parts of India and Thailand (Fig. 3)
(27).

The very distinct changes in the Sahel suggest effects of a more variable climate. Dry conditions
(relative to pre-industrial climate) dominated in the region already in the first half of the 20™"
century (Fig. S9) and intensified from the 1970s onwards (Fig. 2) (28). Recent decades have
additionally witnessed widespread wet deviations (and different combinations of dry and wet),
which could be explained by changes in temporal dynamics, such as intensity of precipitation,
number of wet days, occurrence of dry spells and timing and length of the rainy season (28, 29).

The observed changes are consistent with many regional to global freshwater-mediated impacts
that have been reported. One of the most dramatic examples of blue water change is the Aral
Sea, where overuse of water for irrigation resulted in lake depletion, consequent ecological
degradation, and regional climate change (30). This development is clearly visible in our data,
which shows a steep increase in dry streamflow and a moderate increase in wet soil moisture
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deviations in the Amu Darya (Fig. 3) and Syr Darya basins starting in the late 1960s — in
accordance with the substantial irrigation expansion that started in the region at that time (30).

Green water changes have been associated with productivity loss, as exemplified by drying-
induced forest dieback in many of the regions where we observed a major increase in dry soil
moisture deviations, such as the Mediterranean basin, central North America and West Africa
(e.g. Niger river basin in Fig. 3) (31). Productivity shocks due to dry and wet soil moisture
deviations (droughts and floods) have been reported also in cultivated lands, particularly in South
and East Asia, Australia and North Africa (32), where we find both drying and wetting (Fig. 2b,
India in Fig. 3). Other examples of ecological and climatic impacts of water surpluses are habitat
loss in the Central Amazon floodplains due to anthropogenic flood pulse disturbance (33), and
increased greenhouse gas emissions from reservoirs (34), both created by dam construction and
operation, though these freshwater alterations are relatively small-scale and thus not clearly
visible in our maps.

The profound human-driven water cycle changes shown here may already compromise
freshwater's role for a resilient Earth system. However, uncertainties remain related not only to
our computational method but also to the exact position of the PB along the proposed control
variables of freshwater change (Supplementary Text). Earth system-wide responses of water
cycle modifications are too complex to be quantified with our current knowledge, and it is
possible that the level of freshwater modifications that triggers rapid state changes in the Earth
system can only be determined in retrospect. Although it is likely that buffers in the Earth system
allow for greater variability in the water cycle compared to the pre-industrial period, the
precautionary principle of the PB framework (8) motivates a conservative placement of the new
PB for freshwater change at the lower level of scientific uncertainty. We consider this to be at the
upper end (95" percentile) of pre-industrial variability range, which can be regarded as highly
precautionary — although an even stricter boundary placement could also be justified, due to
signs of weakened Earth system resilience (20) and the complex interactions between freshwater
and other PBs (35).

Regardless of the exact position of the freshwater change PB, however, we have shown that the
rate and extent of freshwater change has been unprecedented after the pre-industrial period:
globally, areas with streamflow and soil moisture deviations have increased by 70—90 and 44—
61%, respectively. Locally, evidence of freshwater-triggered ecological and climatic shifts has
been mounting as the main components of the freshwater cycle have moved further outside of
the pre-industrial variability range. Our findings indicate a likely transgression of the new PB for
freshwater change already around the mid-20™ century, while climate change (36), deforestation
(37) and many other human pressures on the water cycle continue to pose a major risk of further
change. This calls for urgent action to reduce human disturbance of the water cycle.
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Fig. 1. Percentage of global ice-free land area with streamflow (a) and root-zone soil
moisture (b) deviations from local (cell-wise) specific pre-industrial variability. Shown is the
annual percentage, which is computed as an average of monthly values. The annotated years
mark the 10-year moving (trailing) mean transgressing first the 95™ percentile of the pre-
industrial global area with deviations, and then the maximum of pre-industrial ensemble
interquartile range. The ensemble median and interquartile range are computed from n = 22
(streamflow) and n = 15 (root-zone soil moisture) ensemble members. Values prior to 1691 are
excluded and the ensemble median line for 1861-1890 is shaded and dashed due to traces of
model spinups being common during these years (Fig. S2, S3) (21). Model-wise aggregates of
percentage of land area with freshwater deviations are shown in Fig. S4 and Fig. S5.
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(a) Blue water: streamflow
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(b) Green water: root-zone soil moisture
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Fig. 2. Statistically significant increases in local (cell-wise) dry and wet deviations for blue
water (a) and for green water (b). The changes are computed by comparing the ensemble
median frequency of local deviations during 19762005 against 1691-1860, and significance of
change (p = 0.05) is tested with R package stats function prop.test (38). Colors denoted with +
indicate statistically significant increases with magnitude <5 pp (minor), whereas colors denoted
with ++ indicate statistically significant increases with magnitude >5 pp (major). Colors denoted
with +(+) pool together any statistically significant increase (minor or major).

17



Dry green water deviations Dry blue water deviations Dry blue water deviations Wet green water deviations

Dry blue water deviations

Dry blue water deviations

Dry green water deviations

Dry blue water deviations #= Dry green water deviations

Combined increases in cell-wise deviations
(1976-2005 compared to 1691-1860)

Blue water change Green water change

dry wet dry wet &“Fjaw

Wet green water deviations

-

Dry blue water deviations

+(+) +(+) o
Percentage of land area with freshwater . +#) +(+#) g s
deviations (% of region area) Lig
) . +(+) ++) | 24 - Other combination of increases
Ensemble median (n=22 and n=15) Y
— 10-year moving mean . +(+) +(+) +(+) N § Increase only in blue or green water
---- Median and upper end of pre-industrial variability range +(+) ++) +(+) 8% No increase in either blue or green water

Fig. 3. Combined increases in local (cell-wise) deviations for blue and green water along
with regional aggregates of dry or wet deviations in selected regions. Combination classes
are based on deviation frequency increases presented in Fig. 2, and the main classes consist of
both blue and green water changes (minor or major; represented by +(+) in the legend). Changes
in only one or neither are colored in lighter colors. Land area aggregation is performed within
each region, and the median and 95™ percentile of pre-industrial area with deviations are also
computed regionally.
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Materials and Methods

In comparing historical and pre-industrial states of the freshwater cycle, we followed the
general approach of Wang-Erlandsson et al. (20) with certain changes related to data and
methodology. First, instead of custom runs using the global dynamic vegetation model LPJmL
5.1 forced with bias-corrected and downscaled CMIP6 climate data (20), we used the ISIMIP 2b
global hydrological model outputs that are forced with bias-corrected climate data from CMIP5
(39). Second, we chose to define the grid cell scale local pre-industrial bounds strictly cell-wise
and performed annual aggregation by monthly averaging. Both of these changes are further
detailed in the following sections. In the following sections, we first explain the selection of
hydrological variables and baseline conditions, then describe the data and the method of
calculating freshwater change. The main steps of our analysis are presented in Figure S1.

Control variables and baselines of freshwater change

Due to different and sometimes competing functions of different elements of the water
cycle, we divided the freshwater change analysis into green and blue water components. For
green water, we followed Wang-Erlandsson et al. (20) who suggested, after an extensive
literature review, that root-zone soil moisture is the most suitable control variable for
representing the Earth system functions of green water. For blue water, we selected river
streamflow as the control variable to represent its Earth system functions. Streamflow alterations
are either directly or indirectly connected to many major anthropogenic modifications of blue
water stocks and flows, including e.g. water withdrawals, flow regulation, and groundwater
depletion, as well as many key Earth system functions of blue water, such as aquatic habitat
provision and storage and transport of carbon and nutrients (1). Furthermore, streamflow is
impacted by anthropocentric climate change (40). We therefore consider it to reasonably
represent blue water change, though acknowledging its limitations, such as only partially
reflecting groundwater changes and their Earth system impacts. In addition to an adequate
representation of the human drivers and Earth system impacts of freshwater change, the selected
control variables are routinely simulated by global hydrological models and can therefore be
updated on an annual basis. The variables can, in principle, also be observed directly, e.g. by in
situ measurements or remote sensing (41, 42), though spatial and temporal coverage of
observational data is currently not sufficient for a comprehensive global analysis such as the one
presented here.

The planetary boundaries framework (7, 8) refers to the Holocene geological epoch as the
desired baseline conditions. However, as major spatial shifts of the water cycle have occurred
since the Holocene (43, 44), strictly grid cell scale comparisons — as those done here — are not
feasible. Hence, we selected the pre-industrial period as our comparison baseline, also because of
the wide availability of consistent and comparable ISIMIP 2b data (39). By grounding our
analysis in the pre-industrial period, we were able to establish our baseline before substantial
anthropogenic modifications of the water cycle, including e.g. large dams (27), large scale
irrigation systems (26), the rapid increase of intensive land uses (45), and anthropocentric
climate change (40). Therefore, we presumed that the pre-industrial period adequately represents
Holocene-like conditions — and that widespread deviations from that ‘pristine’ state are
problematic.

Data selection
Our main data source was the Inter-Sectoral Impact Model Intercomparison Project
(ISIMIP) data repository (available at: https://data.isimip.org, last accessed July 1%, 2022), from
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which we took data from the ISIMIP 2b simulation round experiments (39). We used root-zone
soil moisture (hereafter soil moisture; ISIMIP output variable rootmoist) for green water and
river discharge (hereafter streamflow; ISIMIP output variable dis) for blue water.

Two distinct simulation scenarios were required to set the pre-industrial baseline and
compare the historical state of the water cycle to it. For the pre-industrial period, we used model
outputs forced with picontrol climate and 1860soc land use and socio-economic conditions, and
at the transition from pre-industrial to historical simulations in 1860, we switched to historical
climate combined with histsoc land use and socio-economic conditions (39). Hence, our pre-
industrial baseline was established with a constant 286 ppm CO2 concentration and fixed pre-
industrial land use and socio-economic conditions, whereas carbon-induced climate change and
human influences (e.g. land use change, water use, and dam operation) are represented in our
data during the historical period.

Soil moisture and streamflow were simulated by global hydrological models (GHMs),
which in this case were forced with bias-adjusted output of modelled climate from general
circulation models (GCMs). The GCM outputs from CMIP5 (46) were bias-adjusted with an
observational dataset covering the years 1979-2013 (39). From the ISIMIP 2b repository, we
selected all GHM-GCM combinations, for which output data were available for both picontrol-
1860soc and historical-histsoc scenarios (Table S1). For soil moisture, outputs from four GHMs
(CLM50 (47), LPIJmL (48), MPI-HM (49), and PCR-GLOBWB (50)) were available by these
criteria, and correspondingly for streamflow, outputs from six GHMs (H08 (51), LPJmL,
MATSIRO (52), MPI-HM, PCR-GLOBWAB, and WaterGAP2 (53)) were available. For all
GHMs, four GCMs were available: GFDL-ESM2M (54), HadGEMZ2-ES (55), IPSL-CM5A-LR
(56), and MIROCS5 (57), with the exception of MPI-HM, which lacked HadGEM2-ES for both
variables. In addition, data files for picontrol-1860soc streamflow simulation for MATSIRO-
HadGEM2-ES were incomplete, which led us to discard this combination. Hence, our soil
moisture data ensemble consisted of 15 members (GHM-GCM combinations) and our
streamflow data ensemble consisted of 22 members.

The ISIMIP 2b data is archived so that pre-industrial years range from 1661 to 1860 and the
historical years from 1861 to 2005. The pre-industrial simulation years are, however, nominal, as
the CMIP5 data used to force ISIMIP 2b models represent 200 control years with climate
variability at pre-industrial levels (with no correspondence to the actual weather of individual
years) (39). The temporal coverage of historical simulations ends in 2005 owing to estimates of
e.g. irrigation extent not being available (26). For streamflow, we aggregated daily values to
monthly values by taking the mean of daily streamflow, whereas soil moisture data were readily
delivered in monthly time resolution. The spatial resolution of all data was 0.5 degrees (ca.
50x50 km at the Equator). The models in ISIMIP 2b have often been validated against
observations, showing adequate performance especially when estimates from individual models
are combined in an ensemble modelling approach (58-61). As we construct ensembles as large
as possible, given the availability of different scenarios, we can partially tackle the uncertainty to
which global modelling is always subject to a certain degree (62).

Data preparation

Because the data we used originates in two different scenarios, and the ISIMIP simulations
can be run independently of each other, we had to ensure that the simulations are harmonized. If
the simulations are not continuous, the end state of the pre-industrial simulation does not
necessarily equal the initial state of the historical simulation at the grid cell scale. Due to this,
two main kinds of discontinuities may arise: 1) traces of model spinup, which are caused by the
GHM reaching an equilibrium in terms of water storage but only after a certain period after the
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beginning of the simulation and 2) shifts in value distribution around the transition point at 1860
(e.g. abrupt shift in the moving mean or disturbance in local linear trends). Further, a
combination of the former two is also possible. Fig. S2 shows an example of traces of model
spinup, whereas Fig. S3 shows our general approach to ensure the fit between the simulation
periods along with an example of a cell in which the value distribution shifts. We performed the
spinup detection (Fig. S2) and the shift correction (Fig. S3) separately for each grid cell, month,
and ensemble member.

First, we checked for any traces of spinups by detecting the most likely changepoint in the
mean and variance of the data with function cpt.meanvar in R package changepoint (63, 64),
separately for the pre-industrial and historical periods. As the spinup is related to the
hydrological state in a cell reaching an equilibrium, we assumed that a trace of spinup is located
between 10 and 30 years after the initiation of each simulation period, as is the case in Fig. S2,
for example. Outside this period, we considered that changepoints were true (natural) changes in
mean and variance, and did not imply a trace of spinup in the data. If a changepoint was detected
within the above-mentioned period, all data before the changepoint were discarded from
correcting the distribution shifts. Otherwise, the ten first years were discarded, as shown in Fig.
S3, in which spinups are detected either before 10 years or after 30 years from the initiation.
Depending on the month and ensemble member, the changepoints indicating traces of spinup
were detected in 1.4-8.7% (pre-industrial streamflow), 1.6—-7.2% (historical streamflow) 0.4—
4.6% (pre-industrial soil moisture), and 0.6-5.7% (historical soil moisture) of all cells.

We checked and corrected the shifts in value distribution around 1860 with an iterative
technique that combined linear extrapolation and quantile mapping. First, we needed to
extrapolate the pre-industrial data onto the historical simulation period, as the simulation periods
have no temporal overlap, and cell-wise trends are possible also during the pre-industrial period
(Fig. S3a). This was done by fitting a linear regression model (65) to pre-industrial values
excluding spinup (i.e. 1671-1860 in most cases, with flexibility of starting from 1691 at latest),
and extrapolating the linear trend to the historical period (blue lines in Fig. S3a). Further, we
computed the standard deviation of the pre-industrial values to which the linear model was fit
(defined here as opreind), and added normally distributed random noise (1 = 0, 6 = Gpreind) t0 the
linear extrapolation (blue circles in Fig. S3a).

After extrapolation, we fitted non-parametric quantile mapping using robust empirical
quantiles implemented in R package gmap (66, 67) between the historical simulation values and
the extrapolated pre-industrial values. Four quantiles were used in fitting the quantile mapping.
Here, we treated the historical values as ‘observed’ data and the extrapolated pre-industrial
values as ‘modelled’ data, although both are simulated GHM outputs. We chose to fit the
quantile mapping between 30 years of historical and extrapolated pre-industrial values, starting
from the first year not excluded after spinup detection. Hence, for most cells, quantile mapping
was fitted using years 1871-1900 as the ‘observed’ values with flexibility of extending the fitting
period to 1891-1920 at maximum. For example, the fitting period for the cell shown in Fig. S2
was 1874-1903, whereas for the cell shown in Fig. S3, the fitting period was 1871-1900.
Although 30 years is a relatively short period, and some spinups might end only after 1891, we
chose to limit the quantile mapping with these years to prevent the historical values being
substantially affected by anthropogenic impacts, which becomes more likely during the early 20™"
century.

Finally, pre-industrial values excluding spinup were transformed with the fitted quantile
mapping function (Fig. S3b). However, as the quantile mapping was based on extrapolation and
a relatively small sample size, distinctive individual values or undetected traces of spinup might
have distorted the quantile mapping function. Hence, we checked whether correcting the
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distribution shifts succeeds in improving the fit between the simulation periods. To do this, we
ran our analysis up until detecting cell-wise deviations from the local pre-industrial bounds (see
next section for details) — first without correction and then with correction — and consequently
checked whether the deviations from the local pre-industrial bounds decrease owing to the
correction. Checking the deviations was performed for a period of 50 years beginning from the
first year not excluded after spinup detection. This was to include data also beyond the period
which was used in fitting the quantile mapping. Should the number of deviations from the local
pre-industrial bounds decrease, we considered that our procedure had improved the fit between
the simulation periods and the corrected cell values were accepted, otherwise we discarded the
corrected data and retained the uncorrected data. Globally, depending on month and ensemble
member, the correction was accepted for approximately 10-29% of soil moisture cells and 6—
26% of streamflow cells (except for HO8, for which all cells were corrected).

Identifying local deviations

We defined the 5 and 95" percentiles of pre-industrial streamflow and soil moisture as the
local pre-industrial bounds of normal variability, separately for each grid cell, month, and
ensemble member (Fig. Sla, b). The definition of local pre-industrial bounds differs from Wang-
Erlandsson et al. (20) who drew the 5 and 95" percentiles from the values in a grid cell and its
eight neighboring grid cells. We chose to be stricter in this definition because using a
neighborhood in determining the local pre-industrial bounds can potentially set them
unrealistically wide — especially in the case of streamflow. Spinups were excluded from drawing
the local pre-industrial bounds, which means that for most cells, the bounds were drawn from
190 values covering the years 1671-1860, though allowing flexibility up until 1691 (e.g. in Fig.
S2, the local bounds were drawn from 1690-1860). Then, again for each grid cell, month, and
ensemble member, we checked for all pre-industrial months whether streamflow or soil moisture
would fall within or outside the local pre-industrial bounds. Should the monthly value be lower
than the local dry bound (5" percentile), this month was marked as a dry deviation, while in
cases of the monthly value surpassing the local wet bound (95" percentile), the month was
marked as a wet deviation (Fig. S1c). Deviations from local pre-industrial bounds were evaluated
for all values including spinups, and all deviations were determined as binary (deviation/no
deviation) with no regards to deviation magnitude.

Calculating global indicators

After determining the local deviations from pre-industrial bounds, we aggregated (summed)
the physical areas of cells with dry and wet deviations, separately for each month and ensemble
member (Fig. S1d). We excluded Antarctica and other permanent land ice using anthromes from
HYDE 3.2.1 (68) and divided the area with deviations by total ice-free land area to yield the
percentage of ice-free land area with streamflow or soil moisture deviations from pre-industrial
variability. We transformed the monthly percentages into annual percentages by taking the
annual means of the monthly percentages (Fig. S1d). This differs from Wang-Erlandsson et al.
(20) who marked an individual grid cell annually deviating if a deviation from the local pre-
industrial bounds occurred during any month of the year, and subsequently aggregated global
land area only annually. We chose to aggregate areas monthly to distinguish between cases in
which deviations occur during only one month or many months within a year — i.e. when
freshwater change is temporally less or more extensive. With our approach, more frequent
deviations have a higher impact on the annual average of monthly shares of land areas.

As approximately 5% of all pre-industrial values in each grid cell are outside of the local
dry and wet pre-industrial bounds by definition (5""/95™" percentile), the expected share of global
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land area with deviations (under stable conditions) is also approximately 5% per dry and wet
bound. Hence, summing both dry and wet bounds together, deviations are expected in roughly
10% of global ice-free land area but with some natural variation. As spinups are prevalent
especially in some models (Fig. S5, S6), global percentages prior to 1691 were excluded from
further analysis. Finally, we determined the ensemble (n = 15 or n = 22) median and interquartile
range of the global percentage (Fig. S1e). This resulted in a time series of n = 170 when
excluding values prior to 1691.

The ensemble median time series (n = 170) of the percentage of ice-free land area with
streamflow or soil moisture deviations characterized the global pre-industrial variability range,
from which we defined two main metrics: the median and the upper end. The median of pre-
industrial variability range was defined as the 50" percentile of the ensemble median time
series, while the upper end of the pre-industrial variability range was defined as the 95%
percentile of the ensemble median time series (Fig. S1e, f). Hence, the median describes the
typical percentage of land area with freshwater deviations during the pre-industrial (Holocene-
like) conditions, whereas the upper end describes conditions that occur expectedly once in every
20 years. For underpinning scientific uncertainty, we also marked the maximum of pre-industrial
ensemble interquartile range to be compared against. Should the historical percentages partially
or completely exceed the pre-industrial ensemble interquartile range, it is more likely in the
sense of uncertainty that the area with streamflow or soil moisture deviations has increased.

To assess the historical (1861-2005) state of the water cycle, we repeated the estimation of
local deviations and global aggregation of the area with streamflow or soil moisture deviations
(Fig. S1g), and compared that to the pre-industrial variability range (Fig. S1h). Again, we
included all years in evaluating the local deviations, but we chose to shade years 1861-1890 in
the figures that show global percentages owing to the spinups being prevalent in some models
(Fig. S4, S5). Further, we took the ensemble median of the global percentage also for the
historical time period and applied a moving (trailing) 10-year mean over this ensemble median
line, with the latest 10-year mean (for year 2005, computed as a mean of values from 1996—
2005) being defined as the current status.

Supplementary Text

Limitations and uncertainties

While our analysis advances the previous freshwater PB assessments in many respects, a
number of limitations and uncertainties remain to be tackled in the future. Our estimate of the
‘current’ status of global freshwater change ends in 2005, due to the ISIMIP 2b simulation
protocol. In the 15-20 years since the end of our study period, global trends in many of the key
drivers of freshwater change, such as irrigated area (69), water use (70), dam construction (71)
and forest loss (72), have increased. Hence, the latest estimates presented here are likely
conservative, and a substantial further transgression of the PB during the more recent years can
be assumed.

Specific to our data, it is known that global hydrological models are relatively sensitive to
their internal implementation of anthropogenic drivers and impacts (59, 62) and sometimes
perform poorly under certain conditions (73). Also, although the ISIMIP 2b simulations use
state-of-the-art input data and consistent scenario definitions, the different process descriptions
of GHMs lead to a considerable spread in our data ensemble (Fig. S4, S5). Resulting from these,
our global — and especially local — results are subject to uncertainty, considering also the
relatively prevalent discontinuities in data that we corrected for the purposes of this analysis. As
our scenario setup of using dynamic histsoc socio-economic conditions against static 1860soc
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(Table S1) already implies a change in anthropogenic water cycle impacts, it is not an
unexpected result that aggregate changes in the water cycle are manifested early during the 20"
century. Repeating the analysis with data that would be absent of anthropogenic forcing (ISIMIP
nosoc scenarios) (39) would potentially aid in estimating how large proportions of freshwater
changes are due to indirect (e.g. climate change) vs. direct (e.g. water use) anthropogenic factors,
but models that would have been run for both picontrol-1860soc (or picontrol-nosoc) and
historical-nosoc scenarios are not available in ISIMIP 2b. However, despite the related
uncertainties, our approach is globally as coherent as the current knowledge and modelling
capacities allow. Moreover, the magnitude and rate of global freshwater change in the historical
period and the likely underestimation of its current status suggest that our conclusion of the
freshwater cycle substantially transgressing its "natural” variability range is valid. Future
modelling efforts (e.g. ISIMIP simulation round 3; https://www.isimip.org/protocol/3/, last
access July 1%, 2022) could provide an excellent opening to further develop our analysis.

Moreover, the selected hydrological variables do not represent all freshwater changes —
such as water quality aspects — and omit explicit consideration of other freshwater flows and
stocks, e.g. groundwater and land ice. From the perspective of the PB framework, however, these
choices can be justified, as water quality is (implicitly) considered in the PBs of Biogeochemical
flows and Novel entities (7, 8), and because such an overarching framework requires expressing
very complex Earth system processes in relatively simple terms. Nonetheless, a more
comprehensive assessment of humanity’s overall impact on the freshwater cycle would require
careful consideration of the many complex relationships between drivers, hydrological responses
and their Earth system impacts that weren’t explicitly considered in this analysis.

Major uncertainties remain also regarding the planetary boundary value of freshwater
change — that is, which level of freshwater alteration would trigger state changes in the Earth
system. Although impacts of freshwater change on the Earth system functions of freshwater have
been studied extensively at local to regional scales (1), regional to planetary scale assessments of
impacts are still lacking. Furthermore, the PBs’ control variables — including freshwater —
interact strongly with each other, which should be considered when setting a PB for freshwater
change (35). These factors complicate the boundary setting, as ideally, PBs should be set based
on control variable—response variable relationships to minimize the risk of abrupt or irreversible
state shifts. In the absence of such assessments, we chose to set the boundary at the upper end of
the pre-industrial, Holocene-like variability range, as it represents conditions that were present
before major anthropogenic alterations and can therefore be considered safe. It is possible,
however, that the intrinsic resilience of the Earth system will maintain a Holocene-like state even
if the pre-industrial range of variability is exceeded — as it has already been for a long time.
However, as the extent of a ‘safe’ exceedance cannot be robustly defined without quantifications
of Earth system-wide responses of freshwater change, we applied the precautionary principle of
the PB framework (8, 74), and set the boundary at what we consider to be the lower end
scientific uncertainty.
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Local pre-industrial variability

a) Create an ensemble of monthly streamflow and
soil moisture globally for each 30 arc-min grid cell
using pre-industrial (1661-1860) data.

b) Set local pre-industrial range of variability between
the 5" (dry bound) and 95" (wet bound) percentiles
of streamflow and soil moisture values.

Local deviations

c) Compare monthly streamflow and soil moisture to
the range of pre-industrial variability to identify local
deviations.

operations a—c for each grid cell

S e e s

Aggregated land area with deviations

d) Sum land area of cells with local deviations and
take annual average of monthly values to result in
percentage of ice-free land area with streamflow /
soil moisture deviations from baseline variability.

Setting the PB by global pre-industrial variability

e) Take ensemble median of percentage of land area with deviations

from baseline variability and set two limits based on this time series:

Median of pre-industrial variability

(50" percentile of percentage of land area with deviations)
Upper end of pre-industrial variability

(95" percentile of percentage of land area with deviations)

f) Define the freshwater change planetary boundary as the upper

limit of pre-industrial variability.

Comparison to historical period

g) Repeat steps c—d for historical data (1861-2005), first assessing local
deviations (¢) and consequently aggregating global percentages of

ice-free land area with streamflow / soil moisture deviations (d).

Status of the planetary boundary

h) Compare the global percentage with deviations against the planetary

boundary set in step f to assess the status of freshwater changes.
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Methodological outline of the study; establishing and assessing the status of freshwater change
planetary boundary. The steps a—h are described in detail in Materials and Methods.
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Fig. S2.

An example case of detecting the most likely changepoints in mean and variance. The values
shown in the plot describe soil moisture in one grid cell, for one month, and for one ensemble
member. As the changepoints are detected between 10 and 30 years from the initiation of each
period, they are considered as traces of model spinup. Hence, values shaded in grey are excluded
from distribution shift correction (Fig. S3) and consequently determining the local pre-industrial
bounds.
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Fig. S3.

Correcting shifts in cell-wise value distribution around the year 1860 transition point between
pre-industrial and historical ISIMIP 2b simulations. The values shown in the plot describe soil
moisture in one grid cell, for one month, and for one ensemble member. Black circles show data
prior to correction (a) and after the correction (b). Linear trend (blue line) is estimated and
extrapolated excluding the ten first pre-industrial values (i.e. for 1671-1860). For a time period
highlighted with magenta shading, quantile mapping is fitted between historical simulation
values and the extrapolated values that are added with random normal noise (blue circles). Once
quantile mapping is applied for pre-industrial data, resulting in panel b, the number of deviations
(purple filled circles) from local bounds (red lines) is compared pre- and post-correction for a
period of 50 years (striped shading). Should the number of deviations decrease, as is the case
here, the corrected values (panel b) are accepted, otherwise the uncorrected values (panel a)
would be retained.
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Fig. S4.

Percentage of global ice-free area with streamflow deviations from local (cell-wise) specific pre-
industrial variability, separately for global hydrological models (GHMS) included in this study:
H08 (a), LPJmL (b), MATSIRO (c), MPI-HM (d), PCR-GLOBWB (e), and WaterGAP?2 (f).
Shown is the annual percentage, which is computed as an average of monthly values. The
vertical lines drawn in each panel denote the median and the upper end of the pre-industrial
variability range, and the current status is annotated at the end of the red 10-year moving
(trailing) mean line. The ensemble median and interquartile range are computed from n = 3-4
members (number of GCMSs), as data forced with HadGEM2 were not available for MATSIRO
and MPI-HM. The ensemble median line for 1861-1890 is shaded and dashed due to traces of
model spinups being common during these years (especially a, e, f).
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a) CLM50 (ensemble n = 4) b) LPJmL (ensemble n = 4)
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Percentage of global ice-free land area with soil moisture deviations from local (cell-wise)
specific pre-industrial variability, separately for global hydrological models (GHMs) included in
this study: CLM50 (a), LPJmL (b), MPI-HM (c), and PCR-GLOBWB (d). Shown is the annual
percentage, which is computed as an average of monthly values. The vertical lines drawn in each
panel denote the median and the upper end of the pre-industrial variability range, and the current
status is annotated at the end of the red 10-year moving (trailing) mean line. The ensemble
median and interquartile range are computed from n = 3-4 members (number of GCMs), as data
forced with HadGEM2 was not available for MPI-HM. The ensemble median line for 1861-1890
is shaded and dashed due to traces of model spinups being common during these years
(especially a, d).
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d) Summed dry and wet root-zone soil moisture deviations
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Fig. S6.

Percentage of global ice-free land area with streamflow (a—c) and soil moisture (d—e) deviations
from local (cell-wise) specific pre-industrial variability, dry and wet deviations summed (a, d),
and for dry (b, e) and wet (c, f) deviations separately. Shown is the annual percentage, which is
computed as an average of monthly values. The annotated years mark the 10-year moving
(trailing) mean transgressing first the 95" percentile of the pre-industrial global area with

deviations, and then the maximum of pre-indu
median and interquartile range are computed f

strial ensemble interquartile range. The ensemble
rom n = 22 (streamflow) and n = 15 (soil moisture)

ensemble members. The ensemble median line for 18611890 is shaded and dashed due to traces
of model spinups being common during these years (Fig. S2, S3). The apparent dip in dry
streamflow deviations (b) during the late 20" century is a product of the MATSIRO model (i.e. 3

ensemble members).
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Fig. S7.

Time of regional persistent transgression of the upper end of pre-industrial variability range, for
blue water (a—b) and green water (c—d). Here, cell-wise deviations are first aggregated regionally
to get a percentage of area with streamflow or soil moisture deviations, then the upper end of the
pre-industrial variability range is set to the 95" percentile of pre-industrial percentage with
deviations, and finally the historical period is compared against the pre-industrial period. The
persistent transgression year is defined as the first year, during which the 10-year moving
(trailing) mean of percentage with deviations has exceeded the region-specific upper end of pre-
industrial variability range for ten consecutive years, and the 10-year moving mean does not
return below the upper end of pre-industrial variability range after this year. The regions shown
here depict basins delineated by the HydroBASINS data set level 2 (a, ¢; n = 60, mean area =
2,247,000 km?, median area = 2,045,000 km?) and level 3 (b, d; n = 264, mean area = 511,000
km? median area = 313,000 km?) (75).
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b) Change in the frequency of root-zone soil moisture deviations (1976-2005 compared to 1691-1860)

i T s
o & @ -

Changeclass category
(% of ice-free land area)

increase
nochange 7.4% 41.8%

decrease 0.8% 4.4%  7.6%

wet deviations

decrease
no change
increase

dry deviations

Fig. S8.

Statistically significant changes in local (cell-wise) dry and wet deviations for blue water (a) and
for green water (b). The changes are computed by comparing the ensemble median frequency of
local deviations during 1976—-2005 against 1691-1860, and significance of change (p = 0.05) is
tested with R package stats function prop.test (38). The changes are classified according to the
direction of change (decreasing or increasing frequency of deviations) but with no regards to
magnitude. Land area covered by each class is represented in the bivariate legend.
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Fig. SO.

Statistically significant increases in local (cell-wise) dry and wet deviations for blue water (a),
for green water (b), and for combined blue and green water (c). The changes are computed by
comparing the ensemble median frequency of local deviations during 1931-1960 against 1691—
1860, and significance of change (p = 0.05) is tested with R package stats function prop.test (38).
Colors denoted with + indicate statistically significant increases with magnitude less than 5 pp
(minor), whereas colors denoted with ++ indicate statistically significant increases with
magnitude greater than 5 pp (major). Colors denoted with +(+) pool together any statistically
significant increase (minor or major). The combination classes (c) always consist of both blue
and green water changes; changes in only one or neither are colored in lighter colors.
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simulation climate socio-economic  ISIMIP output

period scenario conditions variable GHM GCMs

pre-industrial picontrol 1860s0c rootmoist CLM50 GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC5
pre-industrial picontrol 1860s0c rootmoist LPIJmL GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC5
pre-industrial picontrol 1860s0c rootmoist MPI-HM GFDL-ESM2M, IPSL-CM5A-LR, MIROC5

pre-industrial picontrol 1860s0c rootmoist PCR-GLOBWB GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC5
pre-industrial picontrol 1860s0c dis HO8 GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC5
pre-industrial picontrol 1860s0c dis LPIJmL GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC5
pre-industrial picontrol 1860s0c dis MATSIRO GFDL-ESM2M, IPSL-CM5A-LR, MIROC5

pre-industrial picontrol 1860s0c dis MPI-HM GFDL-ESM2M, IPSL-CM5A-LR, MIROC5

pre-industrial picontrol 1860s0c dis PCR-GLOBWB GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC5
pre-industrial picontrol 1860soc dis WaterGAP2 GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC5
historical historical histsoc rootmoist CLM50 GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC5
historical historical histsoc rootmoist LPJmL GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC5
historical historical histsoc rootmoist MPI-HM GFDL-ESM2M, IPSL-CM5A-LR, MIROC5

historical historical histsoc rootmoist PCR-GLOBWB GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC5
historical historical histsoc dis HO8 GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC5
historical historical histsoc dis LPJmL GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC5
historical historical histsoc dis MATSIRO GFDL-ESM2M, IPSL-CM5A-LR, MIROC5

historical historical histsoc dis MPI-HM GFDL-ESM2M, IPSL-CM5A-LR, MIROC5

historical historical histsoc dis PCR-GLOBWB GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC5
historical historical histsoc dis WaterGAP2 GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC5

Table S1.

Data sets used in this study, adopting ISIMIP 2b nomenclature (39). The pre-industrial
simulation period represents 200 years of pre-industrial conditions, nominally covering years
1661-1860, and the historical simulation period covers years 1861-2005. The climate scenario
picontrol uses pre-industrial climate and 286 ppm CO2 concentration, while the historical
climate scenario uses historical climate and CO2 concentration. Socio-economic conditions for
the scenario 1860soc are fixed at the pre-industrial level, while the histsoc scenario uses varying
historical land use and socio-economic conditions. The ISIMIP output variables rootmoist and
dis refer to root-zone soil moisture (soil moisture) and discharge (streamflow), respectively.
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