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Abstract

Terrestrial water availability is declining across most regions, yet the underly-
ing atmospheric processes remain unresolved. Here we show that this decline is
dominated by a fall in the efficiency with which moisture precipitates over land,
reorganizing land—ocean atmospheric moisture exchange. Combining a moisture
tracking framework with a multi-dataset ensemble of precipitation and evapora-
tion products for 1981-2023, we decompose this exchange into oceanic moisture
import and continental moisture export. While oceanic evaporation increases and
moisture transport toward land strengthens, a smaller fraction of this moisture
precipitates over continents. Meanwhile, more continental moisture is exported
to the oceans, further reducing continental precipitation recycling. Declining con-
tinental precipitation efficiency dominates these shifts, consistent with reduced
relative humidity and increased atmospheric stability over land, linked to the
land-ocean warming contrast and soil moisture limitation. These tendencies
point to continued declines in continental water availability under warming, even
as the global water cycle intensifies.
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Water availability over land constrains ecosystems, food production, and socio-
economic stability [1, 2]. Observations indicate that many regions have experienced
declining soil moisture and increasing aridity in recent decades [3, 4], reshaping pat-
terns of drought, heat stress and hydroclimatic extremes, and raising concerns about
the vulnerability of continental water resources under continued warming [5]. At con-
tinental scales, terrestrial water availability is commonly assessed through trends in
precipitation minus evaporation (P — E), which integrate the land—atmosphere water
balance into a single net flux [6]. This quantity captures how much moisture a region
gains or loses, but not the atmospheric pathways behind the change.

Global warming is expected to intensify the hydrological cycle through increased
atmospheric moisture-holding capacity [7-9], yet this thermodynamic expectation
alone does not explain the heterogeneous regional trends in water availability over
land [10]. These have instead been attributed to shifts in precipitation and enhanced
atmospheric evaporative demand under warming [5, 11, 12]; but precipitation and
evaporation are themselves the integrated outcome of many interacting atmospheric
and land—surface processes, including land—atmosphere coupling, circulation changes
driven by greenhouse-gas forcing and climate variability, land—ocean warming con-
trasts, and aerosol effects [3, 8, 13-15]. Because these processes can reinforce or oppose
one another, trends in P — F record their net effect but cannot, on their own, reveal
which mechanism dominates — or where the moisture that fails to precipitate over
land instead goes.

Resolving this requires following the moisture itself. On timescales longer than
seasonal, sustained shifts in continental P — E must be balanced by atmospheric mois-
ture convergence [13], and therefore by large-scale transport; because atmospheric
circulation determines where evaporated moisture ultimately rains out, the trans-

port pathway, and not the local flux alone, governs continental water availability.
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Lagrangian moisture tracking makes these pathways explicit and enables their char-
acterization using metrics such as precipitation recycling, the fraction of continental
precipitation originating from continental evaporation, and evaporation recycling, the
fraction of continental evaporation returning as precipitation over land [16-18]. Recent
work shows that circulation changes can rival the influence of evaporation in reshap-
ing continental precipitation recycling [19], while warming increasingly favours oceanic
over continental evaporation as a source of continental precipitation [20]. Together,
these advances show that both transport and surface fluxes reshape how moisture is
redistributed between land and ocean, yet a unified account linking these changes back
to the continental water balance is still lacking.

Combining Lagrangian moisture tracking simulations with a multi-dataset ensem-
ble of precipitation and evaporation products for 1981-2023, we investigate the
atmospheric processes underlying recent changes in continental P — E. We recast
the terrestrial water balance as the difference between oceanic moisture import and
continental moisture export and decompose changes along these pathways into con-
tributions from evaporation, atmospheric transport and precipitation efficiency. This
source—sink perspective reveals the processes governing changes in terrestrial water

availability and their response to a warming climate.

1 Large-scale P — E patterns and trends

The climatological mean P — E for 1981-2023 (Fig. 1a) is characterized by large FE
and moisture divergence over the subtropical oceans balanced by large P and mois-
ture convergence over most tropical land areas. This large-scale pattern is consistent
with observed salinity distributions over the ocean [21]. However, trends in P — E
(Fig. 1b,c) differ between ocean and land. Over the ocean, divergence intensifies in
already divergent regions and convergence strengthens in wet regions, consistent with

thermodynamic expectations under warming and climate model projections [6, 22].
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Over land, climatological P — E is overall positive, reflecting the long-term balance
in which mean P exceeds E and the surplus is returned to the oceans through runoff.
Over the past four decades, however, it has declined, with the strongest decreases
in South America, tropical Africa, and Southeast Asia, indicating reduced net water
availability in these regions (Fig. 1b).

Whereas Fig. la,b are based on ERA5, Fig. lc,d presents the global land
P — E trend across a large ensemble of dataset combinations, including ERA5 [23],
ERAS5-Land [24], MSWEPv2.8 [25], GPCP [26], GPCC [27], JRA-55 [28], FLUXCOM-
X-BASE [29], and GLEAM v4.2 [30]. Across this ensemble, the mean and median
trends are negative and statistically significant (p < 0.05; Fig. 1c,d). Of the 30 indi-
vidual combinations, 22 show a negative trend and 10 a significant decline (p < 0.05),
indicating a consistent drying signal. Although some products rely on ERA5 forc-
ing (e.g., GLEAM and MSWEP), the negative trend is also evident in combinations
based on largely independent gauge- and satellite-derived datasets, such as GPCC and
GPCP. Thus, although trend magnitude varies among products (with ERA5 show-
ing a stronger decline) the sign of the land-drying signal is unlikely to be an ERA5

artefact, supporting the use of ERA5 for subsequent analyses.

2 Drivers of land P — E changes

To investigate the drivers of declining terrestrial water availability (1981-2023), we
adopt a Lagrangian perspective on the atmospheric moisture budget. On multi-decadal
timescales, changes in continental P — F equal changes in vertically integrated atmo-
spheric moisture convergence (—V - Q; Supplementary Fig. 1). However, the Eulerian
moisture budget gives only the net flux across a region’s boundaries, without distin-
guishing oceanic moisture from continental moisture transported in from upstream.
Instead, by tracing atmospheric moisture from its source to its precipitation loca-

tion, the Lagrangian framework partitions the moisture budget according to its origin
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Fig. 1 Climatology and trends in terrestrial water availability. a, Climatological mean P — E for
1981-2023 from ERAS5. b, Spatial trend in P — E for the same period, with stippling indicating
significant trends (p < 0.05). ¢, Annual global land P — E anomalies from ERA5 (orange) and the
ensemble mean and median across all precipitation—evaporation dataset combinations (blue and black,
respectively); blue shading indicates one standard deviation and grey shading the common period
shared across all datasets. d, Linear trends in global land P — E for each dataset combination, with
whiskers indicating 95% confidence intervals; ERA5 and the ensemble statistics are coloured as in c.
Trends are calculated over 19812023, except for combinations including FLUXCOM-X-BASE, which
use its available period (2000-2021). Asterisks indicate statistical significance (*p < 0.05, **p < 0.01,
**Ep < 0.001).

and destination, directly linking changes in continental P — E to shifts in moisture

pathways.

We decompose precipitation (P) and evaporation (E) into their continental and

oceanic components (denoted as Pc, Po, Fc and Fo) and further partition evaporation

by where it precipitates: oceanic evaporation that precipitates over land (Eo2Pc),
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oceanic evaporation that precipitates over the oceans (Eo2Po), continental evaporation
that precipitates over land (Ec2Pc), and continental evaporation that precipitates over
the oceans (Ec2Po). Over sufficiently long periods, for which atmospheric moisture
storage changes are negligible relative to the fluxes, this expresses land P — E as the
balance between ’oceanic moisture import’ (Eo2Pc) and ’continental moisture export’

(Ec2Po):

Pc — Ec = (Ec2Pc + Eo2Pc) — (Ec2Pc + Ec2Po) = Eo2Pc — Ec2Po= -V - @ (1)

As expected from Eq. 1, P — E closely matches the diagnosed Lagrangian
Eo2Pc—Ec2Po balance in the global time series (Supplementary Fig. 2).

Total evaporation increases over most ocean regions, while land evaporation trends
are regionally variable (Fig. 2a). In contrast, evaporation contributing to continen-
tal precipitation (E2Pc=Ec2Pc+Eo02Pc¢) declines across major land regions (Fig. 2b),
whereas evaporation contributing to ocean precipitation (E2Po=Ec2Po+Eo02Po) dis-
plays predominantly positive trends over land (Fig. 2¢). In regions such as northern
South America and tropical Africa, decreasing E2Pc¢ coincides with increasing E2Po,
indicating that a growing fraction of continental evaporation is exported to the oceans
rather than recycled over land, consistent with previous modelling studies [20].

Quantitatively, both reduced oceanic moisture import and increased continental
moisture export contribute to declining land P — E. Approximately 62% of the trend
is associated with a reduction in ocean-to-land import (Eo2Pc), and the remaining
38% with increased continental export (Ec2Po) (Supplementary Fig. 2). This asym-
metry reflects the larger magnitude of Eo2Pc than Ec2Po, such that absolute changes
in oceanic moisture import exert a stronger influence on land P — E. The two changes

also carry different spatial signatures: reduced Eo2Pc would concentrate drying near
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Fig. 2 Changes in the land—ocean partitioning of evaporation. a, Trend in total evaporation E.
b, Trend in evaporation contributing to continental precipitation (E2Pc). ¢, Trend in evaporation
contributing to ocean precipitation (E2Po). d, Fraction of land evaporation precipitating over land
(%) and ocean (%) e, Fraction of ocean evaporation precipitating over land (%) and

ocean (Eo2Po).

coasts and downwind moisture-entry regions, where oceanic supply dominates, whereas
increased Ec2Po would preferentially amplify drying over continental interiors, which
depend more on recycled moisture. In relative terms, however, the redistribution of
continental evaporation is stronger: the fraction of continental evaporation exported
to the oceans (Ec2Po/Ec) increases by 0.81% per decade (Fig. 2d), with increases
widespread across continental regions (Supplementary Fig. 3), implying a correspond-
ing decline in continental evaporation recycling (Ec2Pc/Ec), whereas the imported

fraction (Eo2Pc/Eo) decreases by only 0.26% per decade (Fig. 2e). Thus, although
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Ec2Po explains a smaller fraction of the absolute P — F trend, it exhibits the larger
fractional change.

Continental precipitation recycling (Ec2Pc/Pc) also declines, by 0.57% per decade
(Supplementary Fig. 4), indicating a reduced contribution of land evaporation to total
precipitation over land. The precipitation and evaporation recycling trends computed
by Findell et al. [20] using GFDL-ESM2G are comparable in magnitude and direc-
tion to those found here using ERA5 (Fig. 2d and Supplementary Fig. 4), despite

methodological differences, supporting this shift in land—ocean moisture partitioning.

3 Decomposing the moisture pathways

The amount of moisture transferred from a source to a sink can be altered by pro-
cesses acting at the source, during atmospheric transport, or at the destination. To
isolate the mechanisms underlying the declining P — FE, we decompose trends in Ec2Po
and Eo2Pc into contributions from changes in E (Fig. 3d,h) and three partitioning
factors («, B, 7; see Methods), representing successive stages of the pathway from
evaporation to precipitation. The factor « (Fig. 3a,e) is moisture pathway connectiv-
ity, i.e. the fraction of evaporated moisture that is embedded in trajectories reaching
the sink, independent of precipitation along the path. 8 (Fig. 3b,f) is en route sur-
vival, the fraction of transported moisture that survives precipitation before reaching
the sink. Finally, v (Fig. 3c,g) is precipitation efficiency within the sink region (land
or ocean), i.e. how efficiently the available moisture over the sink is converted into
precipitation. Here, precipitation efficiency denotes the climatological conversion of
atmospheric moisture into precipitation, rather than the precipitation efficiency of
individual weather events governed by local storm-scale processes such as convection

and cloud microphysics.
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Fig. 3 Decomposition of trends in moisture pathways. Panels (a—d) show contributions to trends in
export (Ec2Po): a, Moisture pathway connectivity («), b, En route survival (), ¢, Sink precipitation
efficiency (), and d, Source evaporation over land (Ec). Panels (e-h) show the corresponding contri-
butions to trends in import (Eo2Pc): e, a, f, 8, g, v, and h, Source evaporation over the ocean (Eo).
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For continental moisture export (Ec2Po), the decomposition (Supplementary
Table 1) shows that the positive trend (Fig. 2d) is not driven by enhanced continen-
tal evaporation itself; in fact, the direct contribution from Fc is negative (—0.21 mm
dec™!), which on its own would reduce Ec2Po and favour a stabilization or increase in
P — E. This negative ERA5 land evaporation trend contrasts with the predominantly
positive trends reported in the literature [31]. Instead, the increase in Ec2Po is led
by an increase in 8 (0.84 mm dec™!). This indicates reduced upstream rainout along
these pathways, allowing more land-derived moisture to survive transport and reach
the ocean. The smaller increase in « indicates that a larger share of continental evap-
oration is embedded in trajectories that reach oceanic sinks. Changes in v over ocean
sinks are small and slightly negative, implying that oceanic precipitation efficiency
does not drive the increase.

In contrast, oceanic moisture import (Eo2Pc) declines (Fig. 2e) despite increases in
ocean evaporation and positive contributions from a and 3 (together 3.42 mm dec™1),
which imply increased supply, connectivity, and en route survival. The dominant driver
of the decline is a pronounced reduction in v (—4.05 mm dec™!) over continental sinks.
Thus, although more moisture reaches the continents, a smaller fraction precipitates
there.

Both branches (Ec2Po and Eo2Pc) point to the same driver: a declining conti-
nental precipitation efficiency, expressed through increased 8 for Ec2Po and through
decreased 7 for Eo2Pc. Consistent with this, a trajectory-independent Eulerian diag-
nostic of continental precipitation efficiency, the ratio of precipitation to total column
water, shows negative trends over most land areas (Supplementary Fig. 5), where

warming generally exceeds that over the oceans.

10
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Fig. 4 Conceptual summary of changes in atmospheric moisture pathways. Schematic of the mech-
anisms driving declining land P — E. Left: ocean-to-land moisture import (Eo2Pc) decreases despite
increasing ocean evaporation, due to reduced precipitation efficiency over land (), which outweighs
increases in pathway connectivity () and en route survival (8). Right: land-to-ocean export (Ec2Po)
increases primarily due to reduced upstream rainout (/3), despite declining continental evaporation
(Ec). Together, these changes indicate a shift toward increased export of continental moisture and
reduced recycling over land. White arrows represent the original moisture pathway, while coloured
arrows show the resulting pathway after the diagnosed changes. Numbers give the contribution of
each component to the trend in mm per decade.

4 Regional manifestations of moisture transport

changes

Regional patterns illustrate how these mechanisms manifest within key circulation
systems. Although at the global scale the decline in precipitation efficiency is the
dominant driver of continental drying, at the regional scale other components such
as changes in atmospheric circulation can be equally or more relevant. The examples
below highlight the dominant process in each region.

In southeastern South America and along the South American Low-Level Jet
(SALLJ) corridor, positive § trends for Ec2Po (Fig. 3b) indicate enhanced survival
of continental moisture during export toward the South Atlantic, consistent with
reported increases in SALLJ wind speeds and a poleward shift of the South Atlantic

convergence zone [32, 33]. For Ec2Po, increases in v (Fig. 3c) for moisture originating
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from the Amazon and Congo basins reflect enhanced precipitation efficiency over trop-
ical oceanic sinks, likely driven by enhanced convection and moisture convergence over
the warming tropical oceans, promoting rainout of transported continental moisture
[34]. Conversely, decreases in Ec2Po over southwestern North America, southern Africa
and Australia (Fig. 2c) are dominated by reduced continental evaporation (Fig. 3d),
consistent with reported drying in those regions [35, 36].

Central-eastern South America exhibits opposing « and  trends (Fig. 3a,b), with
strengthened connectivity to ocean sinks (positive «) partially offset by increased
en route precipitation (negative (). At the same time, the negative Ec contribu-
tion (Fig. 3d) indicates reduced continental moisture supply, consistent with regional
drying. These patterns align with enhanced anticyclonic circulation over central-
eastern South America associated with cold-phase ENSO and PDO conditions [37-39).
Stronger winds may enhance pathway connectivity, while altered transport through
inland convergence zones could increase en route rainout before moisture reaches the
coast.

For Eo2Pc, enhanced en route precipitation over the central tropical Atlantic
reduces the oceanic moisture reaching South America (Fig. 3f). Again, this pattern is
consistent with cold-phase ENSO and PDO circulation anomalies. Cold eastern equa-
torial Pacific sea surface temperatures (SSTs), together with warm SSTs and enhanced
diabatic heating over the western equatorial Atlantic, strengthen the ascending branch
of the Walker cell over this region of the Atlantic and surrounding land areas. This
intensifies moisture convergence and convection in the lower troposphere, promot-
ing precipitation along the trade-wind pathway, and thereby explaining the negative
B trend [38, 40, 41]. On the flanks of the core convergence zone, § increases, indi-
cating greater moisture survival. Stronger trade winds simultaneously enhance mass
transport consistent with positive « trends (Fig. 3e). Together, these patterns suggest

a reorganization of tropical Atlantic—South American moisture transport, consistent

12
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with long-term circulation changes [38]. The 8 pattern is also consistent with a nar-
rowing and intensification of the Atlantic ITCZ, with enhanced rainout near its core

and greater moisture survival on its flanks [34].

5 Discussion

By reformulating the continental water budget as a balance between oceanic mois-
ture import and continental moisture export, we provide a source—sink perspective on
terrestrial water availability. Continental drying reflects both declining oceanic mois-
ture import and increasing continental moisture export. Our decomposition shows
that both changes are dominated by a declining precipitation efficiency over land:
less ocean-derived moisture precipitates over land, while more continental moisture
survives transport and is exported to the oceans (Fig. 4).

Several thermodynamic mechanisms can explain the observed decline in continental
precipitation efficiency. Under warming, atmospheric water vapour increases approxi-
mately following Clausius—Clapeyron scaling, whereas precipitation is constrained by
the atmospheric energy budget and cannot increase proportionally [42—44]. Therefore,
atmospheric moisture is removed more slowly, increasing residence times and transport
distances [45]. However, this global constraint alone cannot explain why precipitation
efficiency declines more strongly over land than over oceans. The land—ocean warm-
ing contrast provides a mechanism for this continental amplification. Despite similar
increases in moist static energy over neighbouring land and ocean regions, limited
moisture availability over drier land favours sensible heating and stronger warming
[13, 34]. Although moisture transport toward land strengthens (Fig. 4), continental
specific humidity cannot keep pace with increasing saturation point. The resulting
decline in relative humidity makes ocean-derived moisture less likely to precipitate

after reaching land, explaining the declining v for Eo2Pc (Fig. 4).
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However, the land—ocean warming contrast acts primarily on ocean-to-land trans-
port and does not fully explain the greater survival of continental moisture exported
toward the oceans. Soil moisture limitation provides an additional mechanism. As
evaporative demand outpaces precipitation, drying soils constrain evaporation and pre-
vent near-surface humidity from keeping pace with warming [46], while shifting surface
energy from latent to sensible heating and further amplifying land warming [47]. The
resulting decline in relative humidity suppresses precipitation by raising the lifting con-
densation level. Increased atmospheric stability from preferential upper-tropospheric
warming associated with latent heat release further inhibits precipitation [42, 48].
Consistent with this interpretation, Dong et al. [49] report fewer mesoscale convective
systems over tropical land as SSTs rise. Together, these interacting atmospheric and
land—surface processes reduce precipitation efficiency over land for both oceanic and
continental moisture, consistent with the changes identified in both pathways.

Previous studies attributed declining continental precipitation recycling to soil
moisture limitation that constrains continental evaporation, thereby increasing the
relative contribution of oceanic moisture [20]. Our results reveal an additional pathway:
soil moisture limitation also reduces relative humidity and precipitation efficiency
over land, allowing a larger fraction of continental moisture to remain airborne and
be exported to the oceans. Thus, declining precipitation recycling reflects not only
reduced continental evaporation, but also reduced retention of continental moisture
over land.

The thermodynamic framework outlined above explains the overall decline in con-
tinental precipitation efficiency, but not its regional heterogeneity. Regional departures
also reflect changes in atmospheric circulation and internal variability. Circulation
changes can simultaneously alter moisture transport pathways and precipitation pro-

cesses, such that the a, 8, and v terms are not fully independent. Moreover, trends

14
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reflect the superposition of long-term circulation adjustments and multi-decadal inter-
nal variability, which influence atmospheric moisture transport on similar timescales.
Recent decades have been characterized by predominantly cold-phase ENSO and PDO
conditions (Supplementary Fig. 6), potentially contributing to the identified patterns
over South America and central Africa. If these circulation changes are externally
forced by anthropogenic emissions, the reported decline in net water availability across
these regions is likely to persist. Conversely, if they primarily reflect internal climate
variability at decadal scales, future circulation changes could partially offset the ther-
modynamically driven drying from the land—ocean warming contrast and soil moisture
limitation [50]. Disentangling forced responses from internal variability and isolating
the underlying dynamical mechanisms therefore remains a priority. Finally, while the
sign of the land P— E decline is robust across independent datasets (Fig. 1c), the mech-
anistic decomposition relies on ERA5-driven trajectories and ERA5 surface fluxes. The
magnitudes of the a, 8, and ~ contributions may therefore carry reanalysis-specific
biases, motivating replication with independent reanalyses (e.g. JRA-55, MERRA-2).

Future terrestrial drying depends not only on the amount of atmospheric moisture,
but also on its fate. Declining continental precipitation efficiency increasingly redirects
moisture away from land, weakening the terrestrial branch of the hydrological cycle
despite its overall intensification. By moving from net moisture convergence to explicit
source—sink relationships, our framework provides a process-based perspective on ter-
restrial drying that links observed changes in atmospheric moisture pathways directly
to the underlying physical mechanisms. This perspective offers a basis for anticipating
future changes in continental water availability beyond precipitation and evaporation

trends alone.
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6 Methods

6.1 FLEXPART trajectory simulations

Atmospheric transport was analysed using a global archive of Lagrangian air-parcel
trajectories generated with the FLEXible PARTicle dispersion model (FLEXPART
v11; 51). FLEXPART calculates the three-dimensional motion of air parcels based on
large-scale meteorological fields, with additional parametrizations representing unre-
solved turbulence and convection. The simulations are driven by the ERA5 reanalysis
[23], which provides a globally complete and dynamically consistent atmospheric state
with stable quality over the satellite era, making it suitable for long-term transport
analyses.

FLEXPART was run in domain-filling mode, releasing approximately 20 million
equally weighted air parcels per year and sampling the troposphere at 3-hourly reso-
lution. The resulting trajectories provide time-resolved parcel positions, and dynamic
and thermodynamic properties, which form the basis for the source—sink diagnostics
applied here. Full details of the FLEXPART configuration and trajectory dataset are

provided in Deman et al. [52].

6.2 Moisture source—sink diagnostics

Source—sink relationships for atmospheric moisture were diagnosed using the Heat And
MoiSture Tracking framEwoRk (HAMSTER v2; 52, 53). HAMSTER analyses changes
in specific humidity along FLEXPART trajectories to identify where air parcels gain
or lose moisture through surface exchange processes.

We apply HAMSTER in backward mode to trace precipitation in each sink back
to its surface moisture sources over a 30-day period. The resulting evaporation-
to-precipitation (E2P) field quantifies the amount of evaporation that ultimately

precipitates within the sink of interest. This window exceeds the typical atmospheric
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moisture residence time and captures both local and remote sources. We consider two
sinks covering the entire globe: all continents (E2Pc) and all oceans (E2Po).

A central feature of HAMSTER v2 is a dynamic bias-correction scheme applied en
route along parcel trajectories. At each time step, diagnosed moisture and heat tenden-
cies are rescaled to match ERA5 surface E and P, ensuring physical consistency with
the driving reanalysis. This correction accounts for the fact that trajectory-based par-
cel tendencies reflect only the net effect of unresolved surface exchange processes and
transport. A final rescaling ensures consistency with ERA5 evaporation and precipita-
tion. Owing to the 30-day backtracking window, analyses are restricted to 1981-2023.
Further details on the HAMSTER methodology, updates in version 2, and framework

evaluation are provided in Deman et al. [52].

6.3 Linear decomposition of E2P

To disentangle the drivers of changes in E2P, we adopt and extend the linear decom-
position framework of Li et al. [54]. We decompose E2P into four multiplicative
components representing evaporation supply, moisture pathway connectivity, en route

moisture survival, and precipitation conversion within the sink. Specifically, we write:

EQQnodisc E2Q E2P

E2P = . .
E E2Qnodisc E2Q

E=a-8-7-E (2)

where E denotes source evaporation, F2Q).,.q4isc represents the potential moisture
availability over the sink assuming no rainout along trajectories (i.e., without discount-
ing moisture losses during transport), E2@) represents realized moisture availability
over the sink after accounting for upstream losses, and E2P denotes precipitation over
the sink attributable to the source.

The three dimensionless factors are defined as:

o EQQnodisc .
= i ;

E20Q E2P
EQQnodisc E2Q

B

(67
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These factors have the following interpretations:

a: Moisture pathway connectivity. It quantifies the fraction of evaporated moisture
that is embedded in trajectories reaching the sink, independent of rainout along the
path. It represents a moisture-weighted measure of atmospheric connectivity between
source and sink, closely related to the underlying air transport rather than the amount
of source moisture carried.

B: En route survival fraction. It measures the fraction of potentially transported
moisture that survives upstream rainout and dilution before reaching the sink.

~: Sink precipitation efficiency. It quantifies how efficiently available moisture over
the sink is converted into precipitation.

All quantities are computed at seasonal resolution (DJF, MAM, JJA, SON) and
subsequently combined into annual values, which avoids biases arising from covariance
between factors and evaporation when using annual means. Assuming that F2P =

a- By E, the temporal derivative follows from the product rule:

OE2P O ap oy

oF
a8 B+ apy (@)

Taking linear trends over time, we obtain:

E+Sgp-a-B-7+9 (5)

=l

Spop=8u-B-F-E+Ssz-a-7-E+S,-@-

where Sgap, SE, Sa, S, Sy are the slopes of the linear regression (trend) of E2P, E, «,
B, 7, overbars indicate mean values over the same period, and § represents the residual
associated with higher-order covariance terms neglected in the first-order approxima-
tion. The approximation corresponds to a first-order Taylor expansion around the
mean state, whereby higher-order covariance and interaction terms are neglected. As

the residual term is small (Supplementary Fig. 7 and Supplementary Table 1; 0.8% of
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total for Eo2Pc and 1.1% of total for Ec2Pc), this linear approximation captures the

total trend.
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