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10 Abstract.
Many areas across the globe rely on upwind land areas for their precipitation supply through terrestrial precipitation recycling.
Global warming and land-use changes may affect the future patterns of terrestrial precipitation recycling, but where and to
which extent remains unclear. To study how the global patterns of precipitation recycling may change until the end of the 21st
century we present a new forward-tracking version of the three-dimensional atmospheric moisture tracking model UTrack that
15 is forced by output of the Norwegian Earth System model (NorESM2). We simulate global precipitation recycling in four
Shared Socioeconomic Pathways (SSPs), which are internally consistent combinations of climate- and land-use scenarios used
in the sixth phase of the Coupled Model Intercomparison Project. The scenarios range from mild to severe: SSP1-2.6, SSP2-
4.5, SSP3-7.0, and SSP5-8.5. We compare results for the middle of the century (2050-2059) and end of the century (2090—
2099) with a 2015-2024 baseline. We similarly also calculate basin precipitation recycling for the 26 major river basins of the
20 world. We find that the global terrestrial moisture recycling ratio decreases with the severity of the SSPs and estimate a
decrease in this ratio of 2.1% with every degree of global warming. However, we find differences among regions and river
basins in trends in precipitation recycling and whether projected drying or wetting is mainly contributed by land or ocean. Our
results give critical insight into the relative contributions of global warming and land use changes on global precipitation
changes over the course of this century. In addition, our model paves the way for more detailed regional studies of future
25 changes in terrestrial moisture recycling.

1 Introduction

The global water cycle is a key component of the Earth system that shapes biome distributions, determines vegetation and
agricultural productivity, modifies climates, and redistributes energy globally (Gleeson et al., 2020). Water is transported
through the atmosphere from the oceans to the continents, where it may precipitate and be used by plants for transpiration or
30 by humans for agriculture or other purposes. Water that subsequently evaporates or transpires from the land may reprecipitate
over land, a phenomenon that is called terrestrial moisture recycling (Van der Ent et al., 2010). Even though eventually all
water will return to the oceans either through the atmosphere or as runoff via rivers, recycling over land plays a large role in
global precipitation patterns. Roughly half of all current precipitation over Earth’s land surface originated as evapotranspiration
from land, which amounts to 70% of terrestrial evapotranspiration returning over land (Tuinenburg et al., 2020). Across and
35 within continents, however, large differences exist in the levels of terrestrial recycling of evapotranspiration and precipitation,
depending on, among other factors, the area and size of the continents, the climate, the dominant wind directions, and land
cover. For example, the precipitation recycling ratio (the fraction of precipitation originating from land) approaches one in
eastern Eurasia due to the continental positioning and the westerlies, but it is similarly high in parts of South America and
Africa (Van der Ent et al., 2010), which is partially attributed to the moisture recycling capacities of their major tropical
40 rainforests (Spracklen et al., 2018).
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Since pre-industrial times, the global water cycle has undergone considerable changes (Porkka et al., 2024), mainly due to
global climate change and land-use changes. These drivers will almost certainly continue to change during the course of this
century (IPCC, 2021). Land-use changes also affect the water cycle, for instance because land-cover type exerts a major
45 influence on the rate and timing of evapotranspiration (Gordon et al., 2005; Sterling et al., 2013). In particular, forests
redistribute water more intensively than other natural ecosystems during at least part of the year. Therefore, in recent decades,
forest loss in deforestation frontiers like the Amazon has had regionally drying effects (Staal et al., 2020a) whereas increases
in leaf area in other parts of the globe have had regionally wetting effects (Cui et al., 2022). Also different human-dominated
land-cover types have different effects on the water cycle, for instance in case of rainfed versus irrigated agriculture (Bosmans

50 etal, 2017). However, where, how, and to which extent terrestrial moisture recycling will change in the future remains unclear.

It is generally expected that climate change and land-use changes will develop in tandem over the course of this century. For
example, meeting the goals of the Paris Agreement requires both large reductions in carbon emissions and active drawdown
of carbon from the atmosphere (Schleussner et al., 2016), which likely involves ecosystem restoration globally (Deng et al.,
55 2023). Such mutually consistent scenarios of climate change and land-use changes for the 21% century are provided by the
Shared Socioeconomic Pathways (SSPs) (Riahi et al., 2017). The SSPs provide a framework of five different narratives
involving varying degrees of challenges associated with mitigation or adaptation. From each narrative follow different
implications for greenhouse gas emissions, energy, and land use. The SSPs serve as the conceptual framework behind the sixth
generation of the Coupled Model Intercomparison Project, CMIP6 (Eyring et al., 2016). CMIP6 endorses different specific
60 model intercomparison projects (MIPs) which address different science questions and “grand challenges”. ScenarioMIP
addresses the long-term (up to 2100) response of the climate system to the SSPs and prioritizes the challenge related to
changing water availability. As such, ScenarioMIP provides a suitable conceptual basis for assessing changes in moisture
recycling under various futures. The SSPs are combined with a projected radiative forcing level by the year 2100, ranging
from 1.9 W/m? to 8.5 W/m? (O’Neill et al., 2016). The radiative forcing levels are based on the RCPs (representative
65 concentration pathways) (Van Vuuren etal., 2011). The SSPs and RCPs were combined to create a matrix of possible scenarios.
However, not every forcing level coincides with an SSP, so four combinations in this framework serve as “Tier 1 scenarios”,
which are to be used in all of the models that are a part of ScenarioMIP, ranging from a scenario of sustainable development
with 2.6 W/m? radiative forcing by 2100 to a fossil-fuel-developed global capitalist economy with 8.5 W/m? radiative forcing:
SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5.
70
The lack of understanding of the future water cycle exists not only because of fundamental uncertainty about the future
developments of the global climate and global land-cover distributions, as reflected in the SSPs, but also due to a lack of tools
to assess changes in terrestrial moisture recycling in response to these drivers. Terrestrial moisture recycling is often assessed
using so-called atmospheric moisture tracking models. These models generally use atmospheric reanalysis data of wind speed
75 and direction, atmospheric moisture content, and evapotranspiration and precipitation to simulate and thereby reconstruct
atmospheric moisture flows. This is done either forward in time, tracking moisture from its evapotranspiration origins to
precipitation destinations, or backward in time, tracking moisture from precipitation destinations to evapotranspiration origins.
In the models, either the globe is divided into grid cells between which a certain amount of moisture flows at every time step
(Eulerian models, e.g. Van der Ent et al., 2014) or individual parcels are tracked through space, in which their coordinates and
80 moisture content are updated at every time step (Lagrangian models). An example of the latter type of model is UTrack
(Tuinenburg and Staal, 2020), which is used to track moisture at high spatial and temporal detail through three-dimensional
space. In its default form, UTrack uses hourly data for 25 atmospheric layers at 0.25° horizontal resolution from the ERA5

reanalysis dataset (Hersbach et al., 2020). Building upon the methods and principles of the default version of UTrack, we
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present a new model version that is forced by ScenarioMIP output to study how terrestrial moisture recycling may change
85 across the globe over the course of the 21st century.

2 Methods
2.1 Lagrangian moisture tracking with UTrack

UTrack is a Lagrangian atmospheric moisture tracking model, which tracks moisture either forward in time (from evaporation

to precipitation) or backward in time (from precipitation to evaporation). It tracks the three-dimensional atmospheric

90 trajectories of large numbers of “parcels” of moisture, where the coordinates of each parcel are updated every time step. The

number of parcels that is tracked from a certain area and time step depends on the evaporation (in case of forward tracking) or

precipitation (in case of backward tracking) from the respective location or area at the respective time step. In the original

model version (Tuinenburg and Staal, 2020), the trajectories of the parcels are forced by ERAS reanalysis data (Hersbach et

al., 2020). These forcing data consist of global hourly wind speed and direction for 25 pressure layers at 0.25° horizontal

95 resolution, moisture profiles along the atmospheric column, evaporation, total precipitable water, and precipitation for each

grid cell of 0.25°. At every time step, a number of parcels (normally 100 per mm evaporation or precipitation) are released at

random locations above the starting area. Each parcel is tracked individually based on the wind speeds and directions at the

respective moment and three-dimensional location and its coordinates are updated every time step. In addition, to account for

small-scale atmospheric dynamics that increase the vertical mixing of moisture but that are poorly captured by coarse

100 atmospheric data, every parcel has a certain probability at every time step of being reassigned a new vertical position. This is

done such that a parcel will be repositioned on average once every 24 hours, where the probability of the new position scales

with the moisture content along the atmospheric column. Not only the positions, but also the moisture content of the parcels

is updated if precipitation (in case of forward tracking, otherwise evaporation) occurs at that time step and location. The amount

that rains out from the parcel is equal to the amount of tracked moisture that is still present in the parcel times the ratio of

105 precipitation over the total precipitable water along the atmospheric column. This moisture is then allocated to the grid cell

above which the parcel resides. The tracking and updating continues until 99% of the original moisture in the parcel has been

allocated or if 30 days have passed since tracking started (whichever comes first). For equations, we refer to Tuinenburg &
Staal (2020) and Tuinenburg et al. (2020).

2.2 Forcing data

110 Here, ERAS data are replaced by output from ScenarioMIP, from which we chose the model that produces the most suitable
forcing data for UTrack and our purposes. The variables of CMIP6 models are standardized, but a model can nonetheless
produce outcomes for any of over one thousand variables. These variables are stored in the database of the Earth System Grid
Federation (ESGF), which we scanned based on our requirements. The required variables were: evspsbl (evaporation including
sublimation and transpiration), pr (precipitation), and hus (specific humidity), ua (eastward wind), and va (northward wind) at

115 multiple vertical pressure levels. Furthermore, we desired a temporal resolution not coarser than a day and a high spatial
resolution. The only model that met these requirements for all Tier 1 scenarios in ScenarioMIP up until 2100 is the medium-
resolution Norwegian Earth System Model version 2, or NorESM2-MM (Seland et al., 2020). The output of the model,
hereafter Nor-ESM2, has a temporal resolution of one day and a spatial (zonal x meridional) resolution of 1.25° x 0.9375°.
The wind speeds and vertically integrated tendency of air pressure are calculated for eight pressure levels: 1000 hPa, 850 hPa,

120 700 hPa, 500 hPa, 250 hPa, 100 hPa, 50 hPa, and 10 hPa. NorESM2 outputs for SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5
are available for the period 2015-2100 (Seland et al., 2020).
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NorESM2 is based on the Community Earth System Model (CESM2.1) structure (Danabasoglu et al., 2020), but with modified
components (Seland et al., 2020). The land and vegetation component is based on the Community Land Model version 5
125 (CLMS5; Lawrence et al., 2019). The model includes terrestrial ecosystem interactions that drive weather and climate, as well
as the land interface to critical climate, social, and ecosystem interactions that influence global environmental changes. The
CLMS5 land components forced in NorESM2 have an improved land unit weighing system that allows for mechanistic treatment
of key processes (soil and plant hydrology, snow density, river modeling, carbon and nitrogen cycling and coupling, and crop
modeling) as well as comprehensive representation of land and land cover changes. With 64 crop functional types (CFTs) and
130 15 natural plant functional types (PFTs), the model can represent up to 78 plant functional type distributions represented over

a transient of 1850 to 2100 under various climate scenarios (Lawrence et al., 2019).

Historical runs of NorESM2 perform well in reproducing observed levels of global warming and oceanic circulation patterns
(Seland et al., 2020). However, there is some overestimation of global mean temperature compared to observational data
135 (Papalexiou et al., 2020). On reproducing historical observations of the hydrological cycle, the model outperforms other
CMIP6 models (Abdelmoaty et al., 2021; Du et al., 2022). Importantly for our purposes, precipitation estimates resemble the
observational data across latitudes (Abdelmoaty et al., 2021). In the simulations for the future, it has a relatively low climate
sensitivity compared to other CMIP6 models (Seland et al., 2020). However, the model ranks high among the CMIP6 model
cohort in terms of simulating future global land precipitation and its interannual variability (Du et al., 2022). In the CLM5
140 module, reliably simulating leaf stomatal conductance is key for quantifying effects of environmental perturbations through
the land-surface energy, water, and CO- fluxes, on which it performs highly in predicting observations (Franks et al., 2018;

Lawrence et al., 2019).

2.3 Simulation settings

145 We ran the model in time steps of four hours. Although this is coarser than the time step of published UTrack runs using ERA5
data, which is either 0.1 hours (Tuinenburg et al., 2020) or 0.25 hours (Staal et al., 2023), it is six times as fine as the temporal
resolution of the NorESM2 forcing data and in this regard comparable to the ERA5-based model versions. We used these
forcing data directly without interpolation. Because NorESM2 produces globally covered precipitation data, but evaporation
data only for land areas, only forward tracking from land areas was possible: in order to allocate evaporation from a source

150 area to precipitation, global coverage of precipitation is required; vice versa, in order to allocate precipitation at a sink area to
evaporation, global coverage of evaporation is needed. We performed forward tracking from all global land cells. Here, for
each mm of globally averaged evaporation during each four-hour time step, we released 1000 moisture parcels. Because
evaporation is not equally distributed across the globe, we assigned a random initial position to each parcel for which the
probability was weighted by the evaporation distribution during the respective time step. We thus ran the model for SSP1-2.6,

155 SSP2-4.5, SSP3-7.0, and SSP5-8.5 and stored the global output for each month. Depending on the scenario and year, we
tracked around 320,000 moisture parcels per simulation year and scenario.

In addition to these global runs, we performed separate forward-tracking runs for the 26 major river basins of the world using
shapefiles from the Global Runoff Data Centre (GRDC, 2020). In these runs, again for all SSPs, we released 100 parcels for

160 every mm of evaporation from the basin.



https://doi.org/10.5194/egusphere-2024-790
Preprint. Discussion started: 21 March 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

2.4 Analysis

We take the first ten years (2015-2024) from the SSP2-4.5 scenario as a baseline to compare global precipitation recycling
(ratios) under future scenarios with, because this SSP represents the middle-of-the-road trajectory that the world is currently
165 on (Fricko et al., 2017). We calculate the global terrestrial precipitation recycling ratio as the percentage of precipitation on
land that evaporated from land. Similarly, we calculate basin precipitation recycling ratios as the percentage of precipitation
within a basin that evaporated within the basin. We focus on comparisons between the baseline period and the middle of the
century (2050-2059, figures in the supplement) as well as the end of the century (2090-2099, figures in the main text). These
comparisons happen on a per grid-cell basis for each SSP. We check for statistical significance of change using a t-test
170 comparing the annual recycling values in the baseline period with those of the 2050s or 2090s. We also report global
evaporation recycling, which is possible given that the source area of the tracking equals the target area (the global land area).
We calculate global average changes in precipitation and evaporation recycling ratios for each degree of warming based on
the global temperature rise in NorESM2 of 3.26 °C in SSP5-8.5, measured as the difference in temperature between 1976—
2005 and 2071-2100 (Seland et al., 2020).
175
To better understand whether trends in precipitation are caused by changes in moisture contributions from the ocean or from
the land, we divide the grid cells with significant changes in precipitation (recycling) into four categories: “wetting, land-
dominated” if a significant increase in precipitation coincides with a significant decrease in terrestrial precipitation recycling
ratio; “wetting, ocean-dominated” if a significant increase in precipitation coincides with a significant increase in terrestrial
180 precipitation recycling ratio; “drying, ocean-dominated” if a significant decrease in precipitation coincides with a significant
decrease in terrestrial precipitation recycling ratio; and “drying, land-dominated” if a significant decrease in precipitation
coincides with a significant increase in terrestrial precipitation recycling ratio. Furthermore, we report the changes in forest
cover and cropland cover, including global and river-basin averages (again between the baseline, 2050s, and 2090s for each
SSP), and of evaporation and precipitation. These data were taken from the ESGF as well.

185 3 Results
3.1 Global land

Averaged across the globe, both terrestrial precipitation and terrestrial evaporation increase in all scenarios by the middle of
the century (2050-2059) and the end of the century (2090-2099), although not significantly in SSP2-4.5 for the middle of the
century (Table 1). The largest increase in global precipitation occurs in SSP5-8.5 for the end of the century, from 604 mm
190 year? in the baseline scenario (SSP2-4.5 for 2015-2024) to 647 mm year, amounting to a 7% increase globally. The largest
increase in global evaporation occurs in SSP1-2.6 for the end of the century, from 315 mm year in the baseline scenario to

328 mm year*, amounting to a 4% increase globally (Table 1).

In the 2015-2024 (SSP2-4.5) baseline period, the global terrestrial precipitation recycling ratio is 34.0% (+ 0.37% annual

195 standard deviation) (Fig. 1), with a minimum annual value of 33.6% and a maximum of 34.7%. This ratio does not change
significantly for 2090-2099 in SSP1-2.6 (34.3% + 0.58%, min. 33.7%, max. 35.8%). It does decrease significantly (p < 0.01)
to 33.4% (z 0.39%, min. 32.7%, max. 34.0%) in SSP2-4.5; to 32.5% (z 0.42%, min. 31.8%, max. 33.3%) in SSP3-7.0 (p <<
0.01); and to 31.7% (* 3.8%, min. 31.2%, max. 32.6%) in SSP5-8.5 (p = 0) (Fig. 2; Table 1). The decline in global precipitation
recycling ratio between the baseline period and SSP5-8.5 for the end of the century is 6.8%. Given a global temperature rise

200 of 3.26 °C in NorESM2 in this scenario, globally averaged precipitation recycling ratio is thus projected to decrease by 2.1%
with each degree of warming.
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In the baseline period, the global evaporation recycling ratio is 65.2% (+ 0.65%, min. 64.8%, max. 66.8%). Also this ratio does
not change significantly in SSP1-2.6 (65.4% + 0.54%, min. 64.5%, max. 66.3%), but does decrease significantly to 64.3% (+

205 0.93%, min. 62.9%, max. 65.6%) for 2090-2099 in SSP2-4.5 (p = 0.02); to 63.9% (+ 0.82%, min. 62.3%, max. 64.9%) in
SSP3-7.0 (p = 0.01); and to 62.9% (+ 0.63%, min. 61.8%, max. 63.9%) in SSP5-8.5 (p << 0.01) (Table 1). The decline in
global evaporation recycling ratio between the baseline period and SSP5-8.5 for the end of the century is 3.5%. Given the
global temperature rise of 3.26 °C, globally averaged evaporation recycling ratio is thus projected to decrease by 1.1% with
each degree of warming.

210
In SSP1-2.6, 8.7% of all land grid cells (excluding Antarctica) show a significant change in precipitation between the baseline
period and the end of the century (2090-2099), of which 27.2% are projected to become drier and 72.8% to become wetter
(Fig. 3a). In 45.4% of the grid cells that are projected to become drier (representing 1.1% of all land grid cells), this drying is
dominated by a decrease in the precipitation that originates from land. In the remaining 54.6% of drying grid cells (1.3% of all

215 land grid cells), the drying is dominated by a decrease in the precipitation from ocean. In 62.1% of the grid cells that are
projected to become wetter (3.9% of all land grid cells), this wetting is dominated by an increase in the precipitation originating
from land. In the remaining 37.9% of wetting grid cells (2.4% of all land grid cells), the wetting is dominated by an increase
in the precipitation from ocean (Fig. 4a).

220 In SSP2-4.5,17.1% of all land grid cells show a significant change in precipitation between the baseline period and the end of
the century, of which 22.7% are projected to become drier and 77.3% to become wetter (Fig. 3b). In 44.3% of the grid cells
that are projected to become drier (representing 1.7% of all land grid cells), this drying is dominated by a decrease in the
precipitation that originates from land. In the remaining 55.7% of drying grid cells (2.2% of all land grid cells), the drying is
dominated by a decrease in the precipitation from ocean. In 50.1% of the grid cells that are projected to become wetter (6.6%

225 of all land grid cells), this wetting is dominated by an increase in the precipitation originating from land. In the remaining
49.9% of wetting grid cells (6.6% of all land grid cells), the wetting is dominated by an increase in the precipitation from ocean
(Fig. 4b).

In SSP3-7.0, 30.0% of all land grid cells show a significant change in precipitation between the baseline period and the end of
230 the century, of which 16.4% are projected to become drier and 83.6% to become wetter (Fig. 3c). In 70.0% of the grid cells
that are projected to become drier (representing 3.5% of all land grid cells), this drying is dominated by a decrease in the
precipitation that originates from land. In the remaining 30.0% of drying grid cells (1.5% of all land grid cells), the drying is
dominated by a decrease in the precipitation from ocean. In 43.5% of the grid cells that are projected to become wetter (11.0%
of all land grid cells), this wetting is dominated by an increase in the precipitation originating from land. In the remaining
235 56.5% of wetting grid cells (14.0% of all land grid cells), the wetting is dominated by an increase in the precipitation from

ocean (Fig. 4c).

In SSP5-8.5, 41.5% of all land grid cells show a significant change in precipitation between the baseline period and the end of

the century, of which 19.0% are projected to become drier and 81.0% to become wetter (Fig. 3d). In 75.5% of the grid cells
240 that are projected to become drier (representing 6.0% of all land grid cells), this drying is dominated by a decrease in the

precipitation that originates from land. In the remaining 24.5% of drying grid cells (1.9% of all land grid cells), the drying is

dominated by a decrease in the precipitation from ocean. In 32.9% of the grid cells that are projected to become wetter (11.0%

of all land grid cells), this wetting is dominated by an increase in the precipitation originating from land. In the remaining

67.1% of wetting grid cells (23.0% of all land grid cells), the wetting is dominated by an increase in the precipitation from
245 ocean (Fig. 4d).
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We can look at the robustness across scenarios of the projections of terrestrial precipitation recycling change (Fig. 5). In 20.2%
of global grid cells excluding Antarctica, terrestrial precipitation recycling ratio decreases in all four scenarios (for absolute
recycling, in mm year?, this is 12.7% of grid cells). In 18.7% of global grid cells, terrestrial precipitation recycling ratio
250 decreases in three, but increases in one scenario (for absolute recycling 11.5%). In 14.2% of grid cells, terrestrial precipitation
recycling is projected to decrease in two and increase in two scenarios (for absolute recycling (11.3%). In 11.8%, an increase
is projected in three and a decrease in the remaining scenario (for absolute recycling 13.5%). Finally, in 12.1% of global grid

cells, terrestrial precipitation recycling is projected to increase in all scenarios (for absolute recycling 28.1%) (Fig. 5).

255 We observe considerable seasonality in the future terrestrial precipitation recycling change in SSP2-4.5. This seasonality
coincides with shifts in the belt of low pressure near the equator where the trade winds of the Northern Hemisphere and
Southern Hemisphere converge, called the Intertropical Convergence Zone (ITCZ). The positioning of the ITCZ makes the
seasonality of moisture flow very variable based on the timing of the wet season: north of the equator mostly between June
and August, and south of the equator mostly between December and February. We see a large-scale and strong reduction in

260 recycling ratio during June—August south of the equator, in both South America and Africa (Fig. 6). In the temperate and
boreal Northern Hemisphere, changes in terrestrial recycling ratio are most pronounced between March and August, the

growing season.

In some grid cells, estimated precipitation recycling exceeds precipitation itself. In the baseline scenario, this occurs in 1.3%

265 of global grid cells. These areas are depicted as having a precipitation recycling ratio of 100% in Fig. 1a and are mainly located
in the Himalaya and the Andes mountains. The area where recycling exceeds actual precipitation remains stable across
scenarios: for 2090-2099, in SSP1-2.6, this occurs in 1.3% of global grid cells; in SSP2-4.5, in 1.2% of global grid cells; in
SSP3-7.0, in 1.1% of global grid cells; and in SSP5-8.5, in 1.0% of global grid cells.

270 Forest cover globally is projected to increase (at the one percentage point level) in only SSP1-2.6, to 27%, from 25% in the
baseline scenario. This increase is reached already by the 2050s, after which no change is projected until the end of the century
(Tables A2, A3; Fig. A5). In SSP2-4.5, global forest cover remains 25% throughout the century. In SSP3-7.0, it is projected
to decrease to 23% by the end of the century (24% during 2050-2059) and in SSP5-8.5 it grows back to 25% after an initial
decrease to 24% by the middle of the century. Global cropland cover increases in all scenarios towards the end of the century,

275 but initially not in SSP1-2.6: from 11% in the baseline scenario to 12% in SSP1-2.6 by the end of the century (10% mid-
century), 13% in SSP2-4.5 (12% mid-century), 14% in SSP3-7.0 (12% mid-century), and 12% in SSP5-8.5 (12% mid-century)
(Tables A2, A3; Fig. A6).

3.2 Major river basins

As the scenario becomes more severe, a larger amount among the 26 major river basins of the world is projected to undergo
280 significant changes in basin precipitation recycling ratio and terrestrial precipitation recycling ratio. In SSP1-2.6, by the end

of the century, two basins have a statistically significant change in basin recycling and also two in terrestrial recycling at the

a = 0.05 level. In SSP2-4.5, five basins have a significant change in basin recycling and four in terrestrial recycling ratio. In

SSP3-7.0, this increases to seventeen basins with a change in basin recycling and seven with a change in terrestrial recycling.

In SSP5-8.5, we find the largest number of significant changes, with nineteen changes in basin recycling and ten in terrestrial
285 recycling (Table 2).
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The great majority of significant changes in either basin or terrestrial precipitation recycling ratio is a decrease (Table 2). The
only scenarios in which an increase (with at least a 1% increase in rounded values) occurs is in SSP1-2.6 and SSP2-4.5. Both
changes in basin recycling ratio increases in SSP1-2.6 are an increase. These basins are the Amur basin (from 18% to 20%),

290 within which an increase in forest cover (from 43% to 47%) and a decrease in crop cover (from 10% to 9%) are projected, and
the Ob basin (from 11% to 12%), within which an increase in forest cover (from 33% to 35%) but no change in crop cover
(15%) is projected (Table A3). Also both changes in terrestrial recycling are an increase, again for the Ob basin (from 45% to
48%) as well as for the Yenisey basin (from 57% to 60%). The only increases in recycling in SSP2-4.5 are in terrestrial
precipitation recycling ratio for the Indus basin (from 74% to 83%) and the Kolyma basin (from 33% to 36%) (Table 2).

295
Both in an absolute and relative sense, the largest projected decrease in basin precipitation recycling ratio among all scenarios
is for the Orange basin in SSP5-8.5, from 16% to 12%, amounting to a 24% decrease. The largest projected absolute decrease
in terrestrial recycling ratio among all scenarios is for the Nelson basin in SSP5-8.5, from 50% to 43%. The largest projected
relative terrestrial recycling ratio decrease is for the Mississippi basin in SSP5-8.5, from 42% to 36%, amounting to a 15%

300 decrease (Table 2).

Generally, basin precipitation recycling ratios by the middle of the century (2050-2059) are larger than those by end of the
century, but not always, especially in the milder scenarios (cf. Tables 2, Al). In SSP1-2.6, there are seven basins that have an
increase in basin recycling ratio between the middle and end of the century, which are the Chad, Euphrates-Tigris, Mackenzie,
305 Mississippi, Nile, Ob, and Yukon basins. Of these, the Chad basin does not have a significant decrease by the end of the
century, but it does by the middle of the century; the increase for the Ob basin is only significant for the end of the century and
the other changes are not significant. In SSP2-4.5, there are five with an increase between the middle and end of the century,
which are the Huang He (Yellow River), Mackenzie, Murray, Nelson, and Orange basins. From these basins, only the basin
recycling ratio change for the Huang He by the middle of the century is significant. In SSP3-7.0 and SSP5-8.5, there are no
310 basins with an increase (of at least one percentage point) in basin recycling ratio during the second half of the century.
Decreases during the second half of the century in SSP1-2.6 are only projected for the Orange and Volga basins, but neither
change is significant by either the middle or end of the century. In SSP2-4.5, decreasing basin recycling after the 2050s is
projected for the Amazon, Amur, Danube, Euphrates-Tigris, and Indus basins, of which the only significant change compared
to the baseline is for the Amazon by the end of the century. In SSP3-7.0 and SSP5-8.5, the majority of the 26 major river basins
315 have a decrease in basin recycling ratio after the 2050s: fifteen in SSP3-7.0 and nineteen in SSP5-8.5 (Tables 2, Al).

Often, individual basins show some change in land cover (forest cover and cropland cover) among scenarios and between the
middle and the end of the century (Tables A2, A3), meaning that climate and land use change simultaneously. Sometimes,
however, both forest cover and cropland cover remain equal at the one percentage point level, while basin recycling ratios do
320 change. For instance, in the Amazon, in both the baseline scenario and in SSP5-8.5 (both 2050-2059 and 2090-2099), forest
cover is 82% and cropland cover is 3% (Table A3) whereas the basin recycling ratio decreases significantly from 27% to 25%
to 24% (Tables 2, Al). The other basins with equal forest cover and cropland cover in both the baseline scenario and SSP5-
8.5 (2090-2099) are the Lena basin (54% forest and 0% cropland), Mackenzie basin (46% forest and 2% cropland), and Yukon
basin (36% forest and 2% cropland) (Table A3). In all cases, the basin recycling ratio decreases significantly, respectively
325 from 16% to 13%, from 16% to 13%, and from 8% to 6% (Table 2). The Huang He (Yellow River) basin has 7% forest cover
and 15% cropland cover in both the baseline scenario and in SSP2-4.5 (2090-2099) (Table A3), whereas the basin recycling
ratio decreases significantly from 19% to 18% (Table 2). Large differences in land cover may also occur. Most notably, the

Congo basin has 60% forest cover and 4% cropland cover in the baseline scenario, which changes in SSP3-7.0 to 49% and 6%
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by the middle of the century and to 27% and 8% by the end of the century (Tables Al, A2). Its basin recycling ratio changes
330 from 33% to 32% to 30% (Tables 2, A2, A3).

In contrast to differences in recycling ratios without differences in land cover, in both the Amazon and the Congo basin,
recycling ratios are equal between SSP3-7.0 and SSP5-8.5 by the end of the century. In either scenario, the basin recycling
ratio for the Amazon is 24% and the terrestrial recycling ratio is 40%. For the Congo, these are 30% for basin recycling and

335 52% for terrestrial recycling (Table 1). In the Amazon, forest cover is 75% in SSP3-7.0 and 82% in SSP5-8.5. In the Congo,
the difference is even larger, with 27% and 50% (Table A3).



https://doi.org/10.5194/egusphere-2024-790
Preprint. Discussion started: 21 March 2024 EG U h
© Author(s) 2024. CC BY 4.0 License. spnere

Table 1. Global terrestrial precipitation (mm year), terrestrial precipitation recycling ratio (%), terrestrial evaporation (mm year?), and
terrestrial evaporation recycling ratio (%) in the baseline scenario (SSP2-4.5 during 2015-2024) and by the middle of the century (2050

340 2059) and the end of the century (2090-2099) in SSP1-2.6, SSP2-4.5. SSP3-7.0, and SSP5-8.5. Significant differences with the baseline are
indicated by one (for p < 0.05) or two (for p < 0.01) asterisks.

Baseline SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5
2050s 2090s 2050s 2090s 2050s 2090s 2050s 2090s
Precipitation (mm year?) 604 619* 626** 614 623* 617* 636** 626* 647**
Precipitation recycling (%) 34 34 34 34 33** 33** 33** 33** 32%*
Evaporation (mm year?) 315 325* 328** 321 323* 320* 324** 321* 326**
Evaporation recycling (%) 65 65 65 65 64* 65 64> 65 63**

10
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a Relative b Absolute
(a) » (b)

Terestrial precipitation recycling ratio (%)

Terrestrial precipitation recycling (mm year™')

345  Figure 1. Terrestrial precipitation recycling across the globe in the baseline scenario (SSP2-4.5 for 2015-2024); (a) Terrestrial moisture
recycling ratio in percent; (b) Absolute terrestrial moisture recycling in mm/year. Note that the color scale in (b) is truncated at 1000 mm/year.

11
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Figure 2. Differences in annual terrestrial precipitation recycling ratio (ATPR) across the globe between the baseline period (2015-2024)

350 and the end of the century (2090-2099) in percentage points, for (a) SSP1-2.6, (b) SSP2-4.5, (c) SSP3-7.0, and (d) SSP5-8.5. Positive values
indicate an increase in precipitation recycling ratio and negative values a decrease. Both significant and non-significant differences are
shown. Color scales are truncated at -20 percentage points and 20 percentage points.
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355  Figure 3. Differences in annual terrestrial precipitation recycling (ATPR) across the globe between the baseline period (2015-2024) and the
end of the century (2090-2099) in mm year?, for (a) SSP1-2.6, (b) SSP2-4.5, (c) SSP3-7.0, and (d) SSP5-8.5. Positive values indicate an
increase in precipitation recycling and negative values a decrease. Both significant and non-significant differences are shown (but also see

Fig. 4). Color scales are truncated at -300 mm year and 300 mm year-.
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(a) SSP1-2.6

Wetting, land-dominated Wetting, land-dominated

Wetting, ocean-dominated

Wetting, ocean-dominated

No change No change

Drying, ocean-dominated Drying, ocean-dominated

Drying, land-dominated Drying, land-dominated

(d) SSP5-8.5
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Wetting, ocean-dominated

Wetting, ocean-dominated

‘ No change
|

No change
Drying, ocean-dominated

Drying, ocean-dominated

Drying, land-dominated Drying, land-dominated

Figure 4. Wetting (in blue) and drying (in red) areas across the globe between the baseline period (2015-2024) and the end of the century
(2090-2099) dominated either by changes in precipitation originating from land (darker colors) or from ocean (lighter colors), for (a) SSP1-
365 2.6, (b) SSP2-4.5, (c) SSP3-7.0, and (d) SSP5-8.5. Non-significant changes in annual precipitation are shown in white.
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(a) Relative (b) Absolute
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Increase in three scenarios Increase in three scenarios
Delincrease in two scenarios.

Defincrease in two scenarios

Decrease in three scenarios. Decrease in three scenarios

Decrease in four scenarios Decrease in four scenarios

Figure 5. Robustness of projections across scenarios of terrestrial precipitation recycling by the end of the century (2090-2099). (a) Relative

precipitation recycling (%); (b) Absolute precipitation recycling (mm year-?). Both significant and non-significant changes in recycling are
370 included.
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Figure 6. Differences in monthly terrestrial precipitation recycling ratio (ATPR) across the globe between the baseline period (2015-2024)
and the end of the century (2090-2099) for SSP2-4.5 in percentage point, for (a) December—February, (b) March-May, (c) June-August,
375 and (d) September-November. Positive values indicate an increase in precipitation recycling and negative values a decrease. Both significant

and non-significant differences are shown. Color scales are truncated at -20 percentage points and 20 percentage points.
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Table 2. Basin and terrestrial precipitation recycling ratios (%) for the 26 major river basins of the world in the baseline scenario (SSP2-4.5
during 2015-2024) and by the end of the century (2090-2099) in SSP1-2.6, SSP2-4.5. SSP3-7.0, and SSP5-8.5. For results for 20502059,
see Supplementary Table Al. Significant differences with the baseline are indicated by one (for p < 0.05) or two (for p < 0.01) asterisks.

385

Baseline SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5

Basin Terr. Basin Terr. Basin Terr. Basin Terr. Basin Terr.
Amazon 27 43 26 43 25** 41%* 24** 40 24** 40*
Amur 19 65 20* 71 18 65 18 68 17 66
Chad 16 59 15 58 14 56 14* 54 13** 52
Congo 33 56 33 56 32* 55* 30** 52* 30** 52**
Danube 9 38 9 37 9 36 8 35 8** 33**
Euphrates-Tigris 8 35 9 37 8 41 8 38 7 33
Ganges 9 46 9 45 9 43 8** 44 > 42
Huang He 19 82 18 78 18* 79 16** 77 15%* 79
Indus 16 73 17 87 17 90* 16 84 16 86
Kolyma 5 33 5 36 5 37* 5 33 4 31
Lena 16 59 16 60 15 57 15 57 13** 54
Mackenzie 16 39 16 39 16 38 13* 36 13** 34*
Mississippi 15 42 16 42 15 40 14* 37* 13** 36**
Murray 9 28 9 28 10 29 9 29 9 29
Nelson 10 50 10 47 10 46 9** 44%* g** 43**
Niger 11 45 11 45 10* 43 10** 40* 9** 40
Nile 24 57 24 58 23 57 22* 56 22* 54
Ob 11 45 13* 48* 11 44 10 44 11 44
Orange 16 62 14 59 15 60 14* 60 12%* 55
Parana 24 66 24 66 23* 65 22%* 62* 21** 60*
Saint Lawrence 8 43 9 42 8 40 8g** 38* 8* 38**
Volga 8 39 8 39 8 39 8 41 8 37
Yangtze 19 75 19 73 19 76 17* 70 17** 71
Yenisey 14 57 14 60* 13 56 13* 56 13* 56
Yukon 8 27 8 27 7 27 6* 24* 6* 24*
Zambezi 15 55 16 54 15 53 14** 50 14** 50**

16
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4 Discussion
4.1 Trends in global moisture recycling

We find that across the 21t century, global terrestrial moisture recycling decreases with the severity of the Shared
Socioeconomic Pathways (SSPs). Because these SSPs represent internally consistent scenarios of both global warming and
390 global land cover changes, it is hard to distinguish the relative contributions of these two. However, the evidence points at a
dominance of global warming on this result. Whereas global warming increases monotonically with the severity of the
scenarios (from 2.6 to 4.5, 7.0, and 8.5 W m radiative forcing), land cover change does not. The highest levels of deforestation
and cropland conversion occur in SSP3, which is a scenario in which globalisation is reversed and global inequality is large.
This leads to significant increases in forest loss, especially in the tropics. In the more globalised world of SSP5, deforestation

395 occurs considerably less (Riahi et al., 2017).

A warmer atmosphere can hold more moisture, and this increase in atmospheric moisture rises faster than associated increases
in precipitation itself (Trenberth et al., 2003). Therefore, as the atmosphere warms, more evaporation from the oceans results
in higher atmospheric moisture content (Held and Soden, 2006; O’Gorman and Muller, 2010), which will subsequently be

400 carried by the winds towards the continents, a trend which has indeed been reported for the recent decades (Wang et al., 2023).
As a consequence, the global terrestrial precipitation recycling ratio has decreased (Gimeno et al., 2020). Related, if a warmer
atmosphere holds more moisture, the same amount of atmospheric moisture resulting from (local) evapotranspiration will
represent a smaller proportion of total (local) atmospheric moisture. Therefore, residence times of moisture in the atmosphere
will become larger, as well as the typical distance that this moisture will travel before raining down (Gimeno et al., 2021). Our

405 projection of decreasing global terrestrial precipitation recycling by 2.1% with every degree of global warming is consistent
with estimates from the literature. A 2-3% decrease in global precipitation recycling was found with every degree of warming
in an Earth System Model (2.0% °C* for the 21% century) (Findell et al., 2019) and recent global declines in terrestrial recycling
are estimated to have been 1.6% with every degree (Gimeno et al., 2020).

4.2 Regional differences

410 In contrast to the globally consistent pattern of decreasing precipitation recycling ratios with more severe SSPs, there are large
spatial differences. These spatial differences are broadly consistent among SSPs, although much more pronounced in the most
severe scenarios SSP3-7.0 and SSP5-8.5. Overall, independent of the scenario, we find that regional drying tends to be
dominated by reduced recycling from land, and regional wetting is dominated by an increase in moisture from the ocean. The
increasing moisture flux from the ocean towards land (Wang et al., 2023) leads to increasing precipitation especially in the

415 higher northern latitudes and in south and east Asia, where precipitation recycling tends to increase in an absolute sense, but
not always in a relative sense. For instance, looking at the major south and east Asian major river basins, terrestrial precipitation
recycling ratios will tend to go up for the Amur and Indus basins, but down for the Yangtze, Huang He (Yellow River), and
Ganges basins. A notable example for the temperate boreal zone where precipitation recycling may decrease in a significant
way is eastern Europe. This is reflected by the major decrease in terrestrial precipitation recycling ratio from 38% to 33% for

420 the Danube basin in SSP5-8.5 by the 2090s. Interestingly, though, projected basin recycling ratios for the Danube follow the

reversed pattern, which cannot be explained solely from land cover changes, which are negligible in SSP5-8.5.

The Amazon is projected to face severe declines in land-derived precipitation, except in SSP1-2.6. Even in SSP2-4.5, the
southern Amazon will receive up to 300 mm year less precipitation from land. With more severe climate change, the area
425 facing similar declines expands westward and northward. Given the relatively high recycling within the western Amazon

related to the presence of the Andes (Staal et al., 2018), the high deforestation rates in SSP3-7.0 would explain some of the
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recycling changes there (Li et al., 2023b). For the Amazon as a whole, the effects of deforestation on moisture recycling seem
to be overshadowed by those of increasing atmospheric CO; concentrations, although in terms of recycling ratios, the larger
deforestation in SSP3-7.0 compensates for the stronger radiative forcing in SSP5-8.5. This is consistent with results from
430 CMIP5 models, where every 10% of the basin deforested leads to an average precipitation decline of only 1.6% (Spracklen
and Garcia-Carreras, 2015), and where severe climate change (RCP8.5) leads to increased moisture influx from the Atlantic
into South America, but reduced precipitation (recycling) over the Amazon (Arias et al., 2023). The comparatively small effect
of deforestation is further confirmed by experiments using a range of CMIP6 models, where one study found that warming,
via atmospheric circulation changes, accounts for 55% of Amazon drying under SSP3-7.0 conditions. The remaining 45%
435 mostly resulted from the physiological effects of CO; increase rather than deforestation directly (Li et al., 2023b). A regional
atmospheric model also indicates that physiological effects on Amazonian transpiration and precipitation of a factor 1.5
increase of atmospheric CO, would be similar to those of 100% deforestation (Sampaio et al., 2021). Another study of CMIP6
model outputs reports a multi-model average reduction of 17.5% in terrestrial moisture recycling ratio in SSP5-8.5 by the end
of the century (Baker and Spracklen, 2022), which is considerably larger than our estimate of 7%. It must be noted though,
440 that the range among Earth System Models of projections of Amazon precipitation response to deforestation in the Amazon is
very large (Luo et al., 2022) and that these models tend to project a linear response (Spracklen and Garcia-Carreras, 2015).
This linearity contrasts strongly with inferred strongly nonlinear responses in different types of models (Baudena et al., 2021;
Bochow and Boers, 2023), making it very plausible that land-cover change effects on Amazon precipitation recycling is
underestimated.
445
Dominance of atmospheric CO; increase over regional land-cover change is also inferred for the Congo, albeit this dominance
is manifested differently than in the Amazon. The Congo basin is a hotspot of deforestation in the more severe scenarios SSP3-
7.0 and SSP5-8.5. In particular, deforestation of more than half of the current forest cover in the Congo basin is projected for
SSP3-7.0 by the end of the century, which is expected to have large effects on precipitation (Luo et al., 2022; Smith et al.,
450 2023). Indeed, the large-scale land conversion in this scenario coincides with a drop in basin precipitation recycling ratio from
33% to 30%. However, this is compensated by an increased influx of moisture from the Atlantic Ocean (Baker and Spracklen,
2022). Contrasting with recent drying in some part of the basin (Vizy et al., 2023), in CMIP6 models including in NorESM2,
increasing precipitation levels are projected for the Congo (Staal et al., 2020b; Baker and Spracklen, 2022), although our
estimate of a 7% reduction in terrestrial precipitation recycling ratio is lower than the CMIP6 average of 12% (Baker and
455 Spracklen, 2022). Despite overall projections of precipitation increases, in the hypothetical case that large-scale deforestation
would occur but with comparatively little additional CO, emissions, precipitation levels in the Congo could decrease
significantly (Staal et al., 2020b).

For most areas across the globe, the sign of change in absolute precipitation recycling coincides with the sign of change in
460 precipitation itself. Despite this agreement in an absolute sense, whether drying or wetting is land-dominated or ocean-
dominated does differ across the globe. We call drying land-dominated if it coincides with a significant increase in terrestrial
precipitation recycling ratio and we call it ocean-dominated if it coincides with a significant decrease in terrestrial precipitation
recycling ratio. Similarly, wetting can be land- or ocean-dominated. Land dominance may happen in regions where land-cover
changes are so severe that they greatly affect evapotranspiration rates. If the influx of moisture from the oceans does not
465 change, then a decrease or increase of continental evapotranspiration would result in land dominance of drying or wetting. A
change in oceanic influx can similarly be expected to result in ocean dominance of either drying or wetting. Increasing length
scales of moisture recycling resulting from elevated residence times in a warmer atmosphere are also expected to extend the
oceanic influence further into the continents, but no clear signal of this can be seen in the vicinity of the coastlines. Land

dominance, visible most clearly for SSP5-8.5, tends to occur in regions with already large terrestrial precipitation recycling
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470 ratios, mainly interior South America (land-dominated drying) and eastern Asia (land-dominated wetting). Land-dominated
drying may also happen in eastern Europe (although not under the two mildest scenarios), in Central America, and in
subtropical Sub-Saharan Africa. Ocean-dominance, mainly in the form of wetting, is found primarily in the high northern
latitudes and in central Africa, the latter of which is in line with projected increasing moisture influx and deforestation.
Globally, the patterns of wetting and drying are consistent with CMIP6 averages (Cook et al., 2020).

475
Regional precipitation variations have both social and ecological implications. Among the social implications are variations
in local and remote water provision; among the ecological implications are those on forest and biodiversity intactness. Some
regions that are highly dependent on rainfed agriculture, such as Sub-Saharan Africa, might be heavily impacted by changes
in terrestrial moisture recycling (Nyasulu et al., 2024). However, even though changes in terrestrial precipitation recycling

480 seem to be strongly impacted by global warming, we can use insights on the changing moisture recycling patterns to influence
precipitation levels where they are most needed. With studies like these, we are gradually becoming better able to understand
how deforestation, but importantly also potential reforestation, may influence precipitation patterns regionally. Thus, we could
incorporate precipitation enhancements in strategic decisions of restoring global forest land (Staal et al., 2024).

4.3 Limitations

485  Our baseline estimate of 34% global precipitation recycling is lower than published estimates: the one by Van der Ent et al.
(2010) of 40% is comparable to ours, but more often precipitation recycling is estimated to be higher, ranging from 51%
(Tuinenburg et al., 2020) and 54.5% (Gimeno et al., 2020) to 62% (Cheng and Lu, 2023). Our baseline estimate of 63% for
global evaporation recycling is in between that of 57% in Van der Ent et al. (2010) and 70% in Tuinenburg et al. (2020). The
ratio of our baseline evapotranspiration over precipitation (ratios) is 0.52. Compared to 0.70 (Van der Ent et al., 2010) and

490 0.73 (Tuinenburg et al., 2020) this is indeed low, although Oki & Kanae (2006) report a more comparable ratio of 0.59. These
low values in our results may be due to overestimations of precipitation over ocean in NorESM2, likely linked to
underestimated cloud cover, leading to larger recycling of oceanic water vapor and reduced ocean-to-land moisture transport
(Seland et al., 2020).

495 Regardless of uncertainties that surround evapotranspiration values, we can evaluate their trends. Globally, evapotranspiration
has been increasing over the recent decades and is expected to keep increasing in all future scenarios (Yang et al., 2023). Also
in our data, evapotranspiration is projected to increase except in SSP5-8.5. The main cause of projected evapotranspiration
increases is global greening (Yang et al., 2023), a consequence of CO, fertilization at the global scale and of human activities
at regional scales (Zhu et al., 2016; Piao et al., 2019). Around one-fifth of global precipitation is attributed to vegetation (Keys

500 etal., 2016). Global greening, measured as an increase in Leaf Area Index, has already stimulated terrestrial moisture recycling
since at least the beginning of this century, compensating for the drying effects of deforestation in various regions such as the
Amazon (Cui et al., 2022). Although this greening trend is expected to continue into the future, the effect of greening on
evapotranspiration, and consequently on moisture recycling, may decline as more CO; builds up in the atmosphere (particularly
in case of SSP5-8.5), which reduces leaf stomatal conductance (Yang et al., 2023). Meanwhile, however, simultaneous

505 increases in vapor pressure deficit may maintain evapotranspiration levels despite CO, fertilization (Li et al., 2023a). Leaf
processes in the land model underlying NorESM2, CLMS5, are based on the Medlyn stomatal conductance model (Medlyn et
al., 2011). The CLMS5 calibration emphasizes historical and transient effects of CO,- and N-fertilization on evapotranspiration
via stomatal conductance, and improvements are needed to capture broader biogeochemical feedback mechanisms (Franks et
al., 2017; Fisher et al., 2019).

510
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We analyzed mean annual (and mean seasonal) precipitation recycling without accounting for interannual variability. The
main mode of interannual climatic variability is the El Nifio Southern Oscillation (ENSO). During El Nifio phases, weather
patterns across large parts of the globe are disrupted, and these disruptions are expected to intensify this century (Power et al.,
2013). During El Nifio years of the past decades, moisture recycling over the northern hemisphere and in the tropics tended to

515 be reduced, while that in the southern hemisphere tended to be enhanced (Posada-Marin et al., 2023). The sign of the anomaly
of precipitation recycling mostly agrees with the sign of the precipitation anomaly itself, and the relative contributions of
moisture recycling reductions in the northern hemisphere were found to be larger than the relative contributions of moisture
recycling increases in the southern hemisphere (Posada-Marin et al., 2023). If this pattern continues in the future, then
increasingly strong El Nifio phases can be expected to result in increasingly strong but opposite moisture recycling anomalies

520 in both hemispheres. NorESM2 does capture ENSO events well compared to other CMIP6 models, but it also overestimates
sea surface temperatures during these phases (Seland et al., 2020) and poorly captures the relationship between ENSO and the
South Pacific Quadrupole, which is a key driver for onset of ENSO events (Wang et al., 2021).

We used the output of only one Earth System Model to force the UTrack moisture tracking model. Projections of future climate
525 change, including the hydrological cycle, are notoriously different among Earth System Models (Wu et al., 2024). Any bias in
NorESM2 or its underlying components that affects the atmosphere or land-atmosphere interactions may propagate to our
results. Similar studies would be needed using different models to better understand the uncertainties in future changes in
terrestrial moisture recycling. The most similar study to ours is by Findell et al. (2019), who used the GFDL-ESM2G Earth
System Model to study global moisture recycling. However, they did not differentiate among different SSPs. Baker &
530 Spracklen (2022) and Arias et al. (2023) used Earth System Models to study changes in moisture recycling for particular

regions.

5 Conclusions

We studied how terrestrial moisture recycling may develop globally towards the end of the 21 century. We developed a new
version of the Lagrangian atmospheric moisture tracking model UTrack, forced by output of the Norwegian Earth System
535 Model version 2. We performed forward tracking of evaporation from the global land area and from the 26 major river basins
of the world in four combined climate-change and land-cover change scenarios: SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5.
We find that, globally, terrestrial moisture recycling decreases by 2.1% with every degree of warming. In the most severe
scenarios (SSP3-7.0 and SSP5-8.5), widespread drying accompanied by disproportional reductions of moisture supply over
land are projected for, for instance, the Amazon and eastern Europe. Especially in high norther latitudes, wetting is projected
540 in these scenarios, sometimes accompanied by disproportional increases of moisture from land and sometimes from ocean.
Although both land cover changes and global climate change affect moisture recycling over land areas, most of the changes in

moisture recycling in the various SSPs over the 21% century are likely caused by direct and indirect effects of global warming.
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545

Appendix A: Supplementary tables and figures

Table Al. Basin and terrestrial precipitation recycling ratios (%) for the 26 major river basins of the world in the baseline scenario (SSP2-
4.5 during 2015-2024) and by the middle of the century (2050-2059) in SSP1-2.6, SSP2-4.5. SSP3-7.0, and SSP5-8.5. Significant
differences with the baseline are indicated by one (for p < 0.05) or two (for p < 0.01) asterisks.

Baseline SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5

Basin Terr. Basin Terr. Basin Terr. Basin Terr. Basin Terr.
Amazon 27 43 26 43 26 43 25* 42 25** 42
Amur 19 65 20** 71 19 68 18 68 18 66
Chad 16 59 14* 57 14* 57 15* 56 14* 56
Congo 33 56 33 57 32 55 32* 53 33 55
Danube 9 38 9 37 10 40 8* 33 10 38
Euphrates-Tigris 8 35 8 39 9 37 9 39 8 41
Ganges 9 46 9 44 9 45 9 44 8 43
Huang He 19 82 18 82 17** 80 17* 79 17** 82
Indus 16 73 17 85 18 87* 16 81 17 89
Kolyma 5 33 5 35* 5 35 5 34 4 34
Lena 16 59 16 60 15 58 15 59 14%* 56
Mackenzie 16 39 15 37 15 37 15 36 13** 34**
Mississippi 15 42 15 41 15 40* 15 40 14 39*
Murray 9 28 9 30 9 29 9 29 9 30
Nelson 10 50 10 47 9* 46* 9* 46** 9** 45*
Niger 11 45 11 45 10** 44 11** 44 10* 42
Nile 24 57 23 59 23 56 23 56 24 59
Ob 11 45 12 47 11 46 11 44 11 45
Orange 16 62 15 59 14 59 15 61 15 60
Parana 24 66 24 66 23 65 23 66 23 65
Saint Lawrence 8 43 9 44 8 40* 8* 41 8 40
Volga 8 39 9 41 8 38 8 39 8 38
Yangtze 19 75 19 73 19 75 18 73 18 72
Yenisey 14 57 14 59%** 13* 56 13 56 13 56
Yukon 8 27 7 26 7 26 6* 25 7 26
Zambezi 15 55 16 53* 15* 52* 15%* 52 15* 53
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550 Table A2. Forest and cropland cover (%) of the global non-Antarctic land surface and the 26 major river basins of the world in the baseline
scenario (SSP2-4.5 during 2015-2024) and by the middle of the century (2050-2059) in SSP1-2.6, SSP2-4.5. SSP3-7.0, and SSP5-8.5.

Baseline SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5
Forest Crop Forest Crop Forest Crop Forest Crop Forest Crop
Global land 25 11 27 10 25 12 24 12 24 12
Amazon 82 3 82 3 80 4 79 6 82 3
Amur 43 10 46 9 44 8 44 7 43 10
Chad 4 10 5 10 4 13 4 11 4 11
Congo 60 4 60 5 59 6 49 6 49 7
Danube 31 34 38 31 30 35 35 27 31 34
Euphrates-Tigris 0 17 0 19 0 16 0 21 0 12
Ganges 15 51 16 49 15 51 13 56 13 60
Huang He 7 15 12 12 6 15 8 13 7 16
Indus 5 28 6 27 5 29 5 32 5 30
Kolyma 9 0 9 0 9 0 9 0 9 0
Lena 54 0 54 0 54 0 54 0 54 0
Mackenzie 46 2 46 2 46 3 46 2 46 2
Mississippi 17 30 23 27 20 30 15 30 16 29
Murray 13 21 14 21 12 22 13 21 13 19
Nelson 31 36 37 32 31 37 32 34 32 35
Niger 4 25 6 25 3 31 2 38 2 29
Nile 6 16 7 17 6 19 4 18 5 21
Ob 33 15 35 15 34 12 33 12 33 15
Orange 1 5 2 5 1 7 1 20 1 8
Parané 30 23 32 22 27 28 29 24 27 32
Saint Lawrence 44 12 46 11 45 12 42 14 44 12
Volga 44 25 45 26 44 24 46 22 44 24
Yangtze 40 16 49 16 40 18 50 11 40 20
Yenisey 55 2 55 2 54 3 55 1 55 2
Yukon 36 0 36 0 36 0 36 0 36 0
Zambezi 25 9 35 10 25 10 17 23 24 13
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Table A3. Forest and cropland cover (%) of the global non-Antarctic land surface and the 26 major river basins of the world in the baseline
555  scenario (SSP2-4.5 during 2015-2024) and by the end of the century (2090-2099) in SSP1-2.6, SSP2-4.5. SSP3-7.0, and SSP5-8.5.

Baseline SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5
Forest Crop Forest Crop Forest Crop Forest Crop Forest Crop
Global land 25 11 27 12 25 13 23 14 25 12
Amazon 82 3 82 4 82 5 75 11 82 3
Amur 43 10 47 9 45 7 45 7 43 10
Chad 4 10 6 10 4 14 3 15 4 11
Congo 60 4 61 7 59 9 27 8 50 8
Danube 31 34 38 35 36 29 37 22 31 34
Euphrates-Tigris 0 17 0 19 0 16 0 22 0 10
Ganges 15 51 17 49 16 51 12 58 13 60
Huang He 7 15 14 11 7 15 9 12 7 16
Indus 5 28 6 27 5 29 5 34 5 30
Kolyma 9 0 9 0 9 0 9 0 9 0
Lena 54 0 54 0 54 1 54 0 54 0
Mackenzie 46 2 46 2 46 3 44 4 46 2
Mississippi 17 30 22 31 23 31 15 30 16 29
Murray 13 21 17 20 12 25 13 20 13 18
Nelson 31 36 40 29 32 36 32 31 32 35
Niger 4 25 7 29 2 34 1 57 2 30
Nile 6 16 10 18 7 22 4 20 9 21
Ob 33 15 35 15 34 12 33 13 33 14
Orange 1 5 2 6 1 10 1 24 1 8
Parané 30 23 32 27 29 34 29 25 28 32
Saint Lawrence 44 12 45 12 46 12 42 15 43 12
Volga 44 25 45 30 46 24 47 22 44 24
Yangtze 40 16 50 20 42 17 53 7 40 20
Yenisey 55 2 55 2 55 4 55 1 55 2
Yukon 36 0 36 0 35 1 36 0 36 0
Zambezi 25 9 39 10 25 15 16 31 30 13
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Figure Al. Differences in annual precipitation (AP) across the globe between the baseline period (2015-2024) and the end of the century
560 (2090-2099) in mm year, for (a) SSP1-2.6, (b) SSP2-4.5, (c) SSP3-7.0, and (d) SSP5-8.5. Color scales are truncated at -300 mm year* and
300 mm year™.
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Figure A2. Differences in annual evaporation (AE) across the globe between the baseline period (2015-2024) and the end of the century
565  (2090-2099) in mm year, for (a) SSP1-2.6, (b) SSP2-4.5, (c) SSP3-7.0, and (d) SSP5-8.5. Color scales are truncated at -300 mm year and
300 mm year™.
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Figure A3. Differences in forest cover (%-point) between the baseline period (2015-2024) and the end of the century (2090-2099) for (a)
570 SSP1-2.6, (b) SSP2-4.5, (c) SSP3-7.0, and (d) SSP5-8.5.
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Figure A4. Differences in cropland cover (%-point) between the baseline period (2015-2024) and the end of the century (2090-2099) for
575 (a) SSP1-2.6, (b) SSP2-4.5, (c) SSP3-7.0, and (d) SSP5-8.5.
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Code availability

The model code used for this study is available at the following URL: https://github.com/ArieStaal/UTrack-
NorESM2_global_land.
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The monthly data for global precipitation recycling and basin recycling for the 26 major river basins of the world that were
used in this study are available for download at the following URL: https://zenodo.org/records/10650579.
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