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Abstract Mediterranean areas are projected to face increased water scarcity due to global changes. Because
a relatively large fraction of the precipitation in Mediterranean areas originates locally, changes at the land
surface may further dampen local precipitation. Here, we study the contribution of evaporation to local
precipitation for the first time on a scale of approximately 50 km using local evaporation recycling (ELMR) and
local precipitation recycling (PLMR), and make a comparison among five Mediterranean climate regions: South
West Australia, South West US, central Chile, the Mediterranean Basin, and the Cape region of South Africa.
Specifically, this study aims to understand the effects of ecohydrological (dependent on vegetation or the
hydrological cycle) and non-ecohydrological variables on ELMR and PLMR. We find that (a) on average,
ecohydrological variables correlate more frequently and more strongly to ELMR and PLMR than non-
ecohydrological variables; (b) ELMR is large over wet areas and PLMR is large over dry areas; and (c) there are
differences in underlying factors of ELMR and PLMR among the regions due to differences in wetness,
topography, and land cover. The results suggest that in Mediterranean regions, changes in vegetation cover or
the hydrological cycle may strengthen the local water cycle through enhancing ELMR. Finally, ELMR and
PLMR help to identify where in Mediterranean regions we might enhance the local water cycle through land
cover changes.

Plain Language Summary In Mediterranean regions, an increase in evaporation may enhance
rainfall locally, contributing to freshwater availability if the evaporation loss is compensated for by the
additional rainfall. In this article we study this using two metrics that can provide insight into local rainfall. First,
we analyze what fraction of evaporated water rains out within 50 km from where it is evaporated, which is called
local evaporation recycling. Second, we analyze the fraction of rainfall that evaporated from within 50 km of
where it rains out, which is local precipitation recycling. Although local evaporation and precipitation recycling
are generally low, but can peak up to 10%, we find that variables related to vegetation and the hydrological cycle
contribute to them. This suggests that specific changes in these variables might strengthen local recycling.

1. Introduction

Water scarcity is expected to increase across Mediterranean-type climate regions during the 21st century due to
atmospheric warming (Lu et al., 2019). Globally, there are five major Mediterranean-type climate regions: South
West Australia (SWA), South West US (SWUS), central Chile (CC), the Mediterranean Basin (MB), and the
Cape region of South Africa (CSA). These regions are characterized by mild wet winters and warm dry summers
(Lionello et al., 2006) and here, atmospheric warming exceeds global average rates, making them climate change
hotspots (Ali et al., 2022). Previous studies on land—atmosphere feedbacks suggest that land cover changes,
specifically regreening, could be used to mitigate the intensification of extreme droughts and heatwaves and thus
serve as a climate adaptation measure (e.g., Bonan, 2008; Miralles et al., 2019). For example, in the Mediter-
ranean Basin, regreening could compensate drying under future climate scenarios by increasing precipitation
(Tuinenburg et al., 2022), but increased forest cover could also reduce streamflow due to increased evapo-
transpiration (Galleguillos et al., 2021), which we refer to as evaporation. Before we will be able to predict
whether land cover changes could minimize drying locally, we first need to better understand the impacts of land
cover on local precipitation.

Increased vegetation may contribute to precipitation (Baker, 2021; Cui et al., 2022; Spracklen et al., 2018) and
atmospheric moisture recycling (Ellison et al., 2019; Layton & Ellison, 2016; Spracklen et al., 2012).
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Figure 1. A schematic overview of (a) the calculation of local evaporation recycling and local precipitation recycling, (b) a
visual representation of these processes in which the arrows indicate the moisture fluxes, and (c) their definition. Each grid
cell has an area of 0.5° X 0.5°, however, the grids shown in panel (a) are on a different scale.

Atmospheric moisture recycling is the return of evaporated water as precipitation over land (Van der Ent
et al., 2010), and is considered an ecosystem service (Keys et al., 2016). Moisture recycling can be calculated
using atmospheric moisture connections between evaporation sources and precipitation sinks. For moisture
connections over land, a change in an evaporation source, due to climate change or land cover change, can affect
precipitation over land (Pranindita et al., 2022; Wang-Erlandsson et al., 2018). Therefore, moisture recycling may
inform governance of land use to prevent depletion of water resources (Keys et al., 2017). Furthermore, the
variability of moisture sources for specific regions can illustrate the vulnerability of precipitation to certain land
cover changes, which is relevant for, for example, rainfed agricultural areas (Keys et al., 2012).

Basin recycling and regional recycling have been used to study rainfall effects of land cover within specific
regions at spatial scales of several hundred kilometers or more (e.g., Staal et al., 2018; te Wierik et al., 2021;
Wang-Erlandsson et al., 2018). Previous studies on source-sink relations could not isolate the more local effects
of land cover on precipitation. Furthermore, studies on moisture recycling rarely focus on Mediterranean-type
climate regions (te Wierik et al., 2021), despite their vulnerability to climate change. Therefore, in this study,
we identify which landscape characteristics relate to local moisture recycling in Mediterranean regions. We
separate landscape characteristics into ecohydrological and non-ecohydrological variables. Ecohydrological
variables are directly related to vegetation or the hydrological cycle, and can therefore be altered through land
cover changes; non-ecohydrological variables are not directly related to vegetation or the hydrological cycle.
There are two indicators of recycling that allow us to study the local hydrological impacts of changes in evap-
oration. First, local evaporation recycling describes how much evaporated water returns as local precipitation;
second, local precipitation recycling describes how much precipitation originated as local evaporation. By
definition, local evaporation recycling does not directly depend on the influx of externally evaporated water
whereas local precipitation recycling does.

To quantify local evaporation recycling, Theeuwen et al. (2023a) recently defined the local evaporation recycling
ratio (ELMR) as the fraction of evaporation that returns within 0.5° as precipitation (Figure 1) using the output of
an atmospheric moisture tracking model. Analogously, we here define the local precipitation recycling ratio
(PLMR) as the precipitation equivalent of ELMR, that is, the fraction of precipitation that originates within 0.5°
from its sink location (Figure 1). Although ELMR and PLMR conceptually resemble the regional recycling ratios
developed by Van der Ent et al. (2010), regional recycling does not allow to study local processes, whereas local
recycling does.

We aim to identify the relations ELMR and PLMR have with ecohydrological and non-ecohydrological variables
in the five Mediterranean-type climate regions globally. This provides insight into how susceptible the local water
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cycle is to land cover changes. Gaining insight into these relations is the first step in determining if and where land
cover changes may enhance rainfall locally.

2. Methods
2.1. Atmospheric Moisture Recycling and Moisture Tracking

We study local moisture recycling using first, local evaporation recycling (ELMR), which is defined as the
fraction of evaporated moisture that rains out within 0.5° from its source (0.5 X 0.5°) (Theeuwen et al., 2023a). On
a grid, ELMR can be calculated as follows:

11
Y X P E,i+lj+k

ELMR = ==tk ":‘115‘ ' (1)
ij

Here, E;; is the total evaporation (tE) from the source grid cell and P, ;, is the fraction of E;; that rains out in
the source grid cell and its eight neighboring grid cells. Second, we define and calculate the local precipitation
recycling ratio (PLMR) as the fraction of precipitation that originates from within 0.5° from this sink location
(0.5° X 0.5°). On a grid, PLMR can be calculated as follows:

1 1
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Here, P, is the total precipitation (tP) in the sink grid and Ep ;. ;4 is the fraction of this tP that evaporated from
within this grid cell and its eight surrounding grid cells. Both ELMR and PLMR are determined for a single grid
cell but dependent on moisture flows between that grid cell and its eight surrounding grid cells (Figure 1a).
Regions with a similar latitude, such as the Mediterranean-type climate regions, have a similar grid cell size and
thus, recycling is calculated over a constant surface area.

Both local recycling metrics are calculated with atmospheric moisture connections from evaporation source to
precipitation sink from the data set by Tuinenburg et al. (2020b). These moisture connections are multi-year
(2008-2017) monthly averages and have a spatial resolution of 0.5°. These data were calculated using the
UTrack atmospheric moisture model, which is a Lagrangian moisture-tracking model (Tuinenburg &
Staal, 2020). In this model, moisture parcels are released from each grid cell of 0.25°, which is currently the best
available resolution for such a model. Within the grid cell, each mm of evaporation is represented by one hundred
moisture parcels. These parcels are transported through the atmosphere by the wind in three dimensions. At each
time step (0.1 hr), the moisture budget is made for each parcel. The evaporated moisture is randomly distributed
over 25 vertical atmospheric levels according to the vertical moisture profile. Parcels are tracked for up to 30 days
or up to the point at which only 1% of their original moisture is still present. Input data for evaporation, pre-
cipitation, precipitable water, and wind speed and direction were obtained from the ERAS data set (Hersbach
et al., 2020). We refer to Tuinenburg and Staal (2020) for a full description of the model, and to Tuinenburg
et al. (2020b) for additional settings used for the data set.

We calculate multi-year (2008-2017) monthly averages of ELMR and PLMR at a spatial resolution of 0.5°, using
the atmospheric moisture connections as input for Equations 1 and 2. To obtain multi-year seasonal averages and
multi-year averages of ELMR and PLMR, we average ELMR weighted by the tE of each month in the source grid
cell i, j, and we average PLMR weighted by the tP of each month in the sink grid cell i, j.

In addition to the local recycling ratios we also calculate the regional evaporation recycling ratio (ERMR) and
regional precipitation recycling ratio (PRMR) for each of the five Mediterranean regions. We compare ERMR
and PRMR with ELMR and PLMR to get insight into how local and regional patterns overlap or vary. ERMR is
defined as the fraction of evaporated water from a specific study region that returns as rainfall within the same
study region and PRMR is defined as the fraction of precipitation within a specific study region that originates as
evaporation within that same study region. ERMR is calculated as follows:
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ERMR = E,region (3)
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Here, E\cgion is the total amount of water that is evaporated from the study region and Pg iegion is the fraction of
E.cgion that returns as rainfall to this study region. PRMR is calculated as follows:
Ep .
PRMR = P region ( 4)
region

In this equation, P, is the total amount of rainfall that falls within the study region and Ep 4o, is the fraction

of P, that evaporated from within this study region.

egion

2.2. Study Areas

Based on the Koppen climate classification (Peel et al., 2007), there are five major Mediterranean-type climate
regions globally. We include all these terrestrial regions and some additional small terrestrial areas with a semi-
arid climate to obtain five consecutive areas: South West Australia (SWA), South West US (SWUS), central Chile
(CC), the Mediterranean Basin (MB) and the Cape region of South Africa (CSA) (Figure S1 in Supporting In-
formation S1). These Mediterranean regions are found on both hemispheres between 30° and 40° latitude
downwind from the ocean, which is typically on the western side of the continents (Lionello et al., 2006). The
Mediterranean climate is characterized by dry and warm summers and wet and mild winters (Lionello
et al., 2006). Annual precipitation varies between 250 and 1,200 mm, which falls predominantly in winter.
Furthermore, the most important drivers of Mediterranean ecosystem functioning are climate, topography, soils
and wildfire (Esler et al., 2018).

The five Mediterranean regions show differences in aridity and topography. For example, South West Australia
and the Cape region of South Africa are relatively dry, with little rainfall and low aridity indices and South West
US and central Chile are relatively wet (Table 1). Furthermore, all regions except for South West Australia
include elevated terrain (Table 1). On average, for most regions, short vegetation cover is larger than tall
vegetation except for the South West US where the tall vegetation cover is larger (Table 1). Finally, for all five
regions, transpiration is the largest and most variable evaporation flux throughout the year. More detailed in-
formation per region is presented in Table 1. These data were obtained from ERAS and ERAS5-Land data, and
were temporally and spatially averaged to obtain a multi-year (2008-2017) average of each variable for each
region separately. More information about the data obtained from ERAS and ERAS5-Land data can be found in
Section 2.3.

2.3. Ecohydrological and Non-Ecohydrological Variables

The main drivers of moisture recycling are in the interface between the land surface and atmosphere (Tuinenburg
& Staal, 2020; Van der Ent et al., 2010): (a) horizontal wind speed, which transports the moisture away to remote
locations; (b) precipitation, as it scales with the fraction of evaporated moisture that rains out locally; and (c)
evaporation, as it affects the amount of water available for precipitation. Local moisture recycling could be
affected by orography, distance to nearest coast, aridity, and vegetation (Shahidian et al., 2012; Theeuwen
et al., 2023a; Tuinenburg et al., 2012; Vautard et al., 2010; Zurbenko & Luo, 2015).

We study the correlation between local recycling and 20 different variables. These variables are divided equally
between ecohydrological and non-ecohydrological variables. Ecohydrological variables are directly related to
vegetation or the hydrological cycle. Although we do not study the processes of land cover change specifically,
these ecohydrological variables include some main processes that are affected by a change in vegetation. The
ecohydrological variables (10) are: tP, tE, transpiration of vegetation (Evt), evaporation over bare soil (Ebs),
evaporation over tree canopy (Etc), evaporation over open water (Eow), aridity index (Al), vapor pressure deficit
(VPD), tall vegetation cover (>3 m, vch), and short vegetation cover (vcl). The non-ecohydrological variables are
(10): orography (z), zonal orography gradient (following latitude lines, dzdx), meridional orography gradient
(following longitude lines, dzdy), zonal wind component at 10 and 100 m (ulO and ul00), meridional wind
component at 10 and 100 m (v10 and v100), total wind speed (V), wind direction (0(V)), and distance to the
nearest coast (d).
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Table 1
Characteristics of the Five Mediterranean Regions: South West Australia (SWA), South West US (SWUS), Central Chile
(CC), the Mediterranean Basin (MB) and the Cape Region of South Africa (CSA)

SWA SWUS CcC MB CSA
Land surface area (# grid cells) 241 168 116 675 40
Average annual precipitation (mm) 360 (0.14) 1,060 (0.50) 800 (0.52) 650 (0.38) 390 (0.24)
Average annual evaporation:
Total evaporation (mm) 551 (0.22) 470 (0.35) 552 (0.41) 535 (0.28) 381 (0.18)
Vegetation transpiration (mm) 174 (0.31) 256 (0.50) 249 (0.51) 302 (0.51) 228 (0.33)
Evaporation from tree canopy (mm) 59 (0.27) 88 (0.29) 52 (0.07) 75 (0.28) 62 (0.10)
Evaporation from bare soil (mm) 123 (0.11) 88 (0.33) 144 (0.40) 120 (0.33) 115 (0.16)
Evaporation from open water (mm) 20 (0.37) 17 (0.44) 5 (0.46) 16 (0.42) 20 (0.36)
Average vapor pressure deficit (hpa) 908 (0.44) 733 (0.51) 483 (0.45) 791 (0.58) 847 (0.30)
Average aridity index summer (-) 0.13 0.32 0.28 0.13 0.14
Average aridity index winter (-) 0.83 16 9.4 35 0.95
Average tall vegetation cover (-) 0.21 0.63 0.22 0.40 0.09
Average short vegetation cover (-) 0.75 0.31 0.65 0.49 0.86
Average elevation (m) 200 800 1,290 665 530
Max mountain peak (m) 465 2,657 3,692 2,417 1,010
Average wind speed (ms™") 1.5 (0.35) 0.96 (0.23) 1.4 (0.15) 0.95 (0.24) 1.2 (0.29)

Note. This table shows spatial multi-year (2008—2017) averages calculated with data obtained from ERAS and ERAS-Land.
One grid cell is 0.5° (around 50 X 50 km). In-between brackets is the coefficient of variation over time which refers to annual
variation and is defined as the ratio of the standard deviation over the annual average for the specific variable. Summer is
defined as JJA for the Northern Hemisphere and DJF for the Southern Hemisphere. Winter is defined as DJF for the Northern
Hemisphere and JJA for the Southern Hemisphere.

All data, except for the distance to the nearest coast, were obtained from or calculated with data from ERAS or
ERAS5-Land. We used monthly averages for the years 2008-2017 of the ERAS data (Hersbach et al., 2020) “on
single levels” with a spatial resolution of 0.25° and ERAS5-land data (Mufioz-Sabater et al., 2021) with a spatial
resolution of 0.1° to calculate multi-year seasonal averages. As atmospheric moisture recycling has a temporal
scale of up to several weeks, we study seasonal averages to understand which processes underlying LMR are
important throughout the year. The gradient of orography in zonal and meridional directions, Al, VPD and wind
direction and magnitude were calculated using ERAS data. All data were centrally averaged to obtain a spatial
resolution of 0.5°.

As ERAS data do not include the different evaporation fluxes we used ERAS5-Land to quantify these. This leads to
some discrepancies in the evaporation balance. We find that tE is not always equal to the sum of the separate
evaporation fluxes. This could be due to different model settings. However, the two products are internally
consistent.

Furthermore, we obtained the variable “distance to nearest coast” from NASA (downloaded from: https:/
oceancolor.gsfc.nasa.gov/docs/distfromcoast/) (NASA, 2012) with an original spatial resolution of 0.01°. We
centrally averaged the data spatially to obtain a resolution of 0.5°.

2.4. Statistical Methods

Spearman rank correlation is used to quantify the correlation between the local recycling metrics and each
variable separately; principal component analysis (PCA) (Abdi & Williams, 2010; Bro & Smilde, 2014) is used to
validate the results of the Spearman rank correlation and to study the clustering of ecohydrological and non-
ecohydrological variables (i.e., covariance). For PCA, clustering is based on the angle between the loading of
two variables. A more detailed description of PCA is presented in Text S1 in Supporting Information S1. We
calculated the correlation coefficients and conducted the PCA using data for each region on 0.5° resolution for 10-
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Figure 2. The multi-year (2008-2017) average of ELMR at a spatial resolution of 0.5° in all Mediterranean regions: (a) South
West US, (b) South West Australia, (c) Mediterranean Basin, (d) central Chile, and (e) the Cape region of South Africa. The
outlined areas indicate the study regions.

year averages (2008-2017) for every season and year. Combining these two statistical methods allows us to study
one-on-one monotonic (both linear and nonlinear) relations with the Spearman rank correlation method as well as
multivariate linear correlations with the PCA. We hereby study the nonlinearities in the Earth system and how
they can be affected by multiple processes. The Python packages scipy-stats and scikit-learn were used to conduct
the analyses. Finally, we use the NumPy package to calculate the maximum recycling ratios for each region.

3. Results
3.1. Spatio-Temporal Variation in Moisture Recycling
3.1.1. Local Evaporation Recycling and Local Precipitation Recycling

For each Mediterranean area, ELMR, which is the evaporated moisture that returns as precipitation to its source
location, is on average, 1%—2% (Figure 2). Furthermore, PLMR, which is the fraction of precipitation that
originates locally (within 50 km from this sink location), is also on average 1%-—2% (Figure 3), across all
Mediterranean areas. A large spatial variation in the annual ELMR and PLMR is found over elevated areas and
maximum recycling ratios are obtained over mountain peaks (Figures 2 and 3). In South West Australia, the driest
region of all, the annual averaged ELMR is exceptionally small (<1%) compared to the other four regions (Figure
S2 in Supporting Information S1). In the South West US and central Chile, the regions with the highest annual
precipitation, PLMR is small on average (<1%) compared to the other regions (Figure S2 in Supporting Infor-
mation S1), indicating the large contribution of water that evaporated externally. The highest annually averaged
ELMR and PLMR are found for the Mediterranean Basin (>4%).
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Figure 3. The multi-year (2008-2017) average of PLMR at a spatial resolution of 0.5° in all Mediterranean regions: (a) South
West US, (b) South West Australia, (c) Mediterranean Basin, (d) central Chile, and (e) the Cape region of South Africa. The
outlined areas indicate the study regions.

w
Local precipitation recycling [%)]

Furthermore, for all regions, PLMR and ELMR are highest during summer (JJA on Northern Hemisphere and DJF
on the Southern Hemisphere) and lowest during winter. For some regions, the difference between summer and
winter is larger, which is the case for the Mediterranean Basin, than for other regions, such as South West
Australia. However, for all regions the seasonal pattern of PLMR is stronger than the pattern of ELMR (Figures 4a
and 4b). Especially for the Mediterranean Basin, there is a strong variation in the spatial mean of PLMR
throughout the year, with a peak (>11%) in summer (Figure 4b). Peaks in the spatial mean of ELMR throughout
the year are less distinct (Figure 4a). For the Mediterranean Basin the relatively high maxima in ELMR across the
region (Figure 2) are canceled out by large areas with a very low ELMR. Similarly, we find differences in the
spatial variation among the Mediterranean-type climate regions (Figures 4c and 4d and Figure S2 in Supporting
Information S1). Throughout the year, the spatial variation in ELMR and PLMR is largest for the Mediterranean
Basin and smallest for South West Australia (Figure S2 in Supporting Information S1). Especially during
summer, PLMR can become relatively large in some grid cells compared to the mean value, even exceeding 15%
(Figure 4d). Such high values are not observed for ELMR.

3.1.2. Regional Evaporation Recycling and Regional Precipitation Recycling

Similar to ELMR and PLMR, regional evaporation recycling (ERMR) and regional precipitation recycling
(PRMR) vary among the five Mediterranean regions and are highest in the Mediterranean Basin, the largest
Mediterranean region. Here, on average, 18.9% of evaporation returns as precipitation within the region and
16.2% of precipitation originates from within the region (Table S1 in Supporting Information S1). Furthermore,
for South West US and central Chile, ERMR decreases and PRMR increases with increasing distance to the coast
(Figures S3 and S4 in Supporting Information S1). For the Mediterranean Basin, PRMR increases toward the
eastern side of the Basin. Finally, contrasting with ELMR and PLMR, both ERMR and PRMR are smallest for the
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Cape region in South Africa (both are 2.9%), which is the smallest Mediterranean region (Figures S3 and S4 &
Table S1 in Supporting Information S1).

3.2. Correlations Between Local Moisture Recycling and Ecohydrological and Non-Ecohydrological
Variables

In this section we describe the results that are most relevant to determine how ELMR and PLMR relate to
ecohydrological and non-ecohydrological variables. We refer to Text S2 and S3, Figures S5-S10, and Tables S2—
S8 in Supporting Information S1 for a more detailed description of the results.

3.2.1. Monotonic, Univariate Correlations

The number of significant moderate to strong correlations between ELMR/PLMR and ecohydrological/non-
ecohydrological variables obtained from the Spearman rank correlation is plotted per region (Figure 4e). For all
regions, except central Chile, there are more significant correlations between ELMR and ecohydrological vari-
ables than between ELMR and non-ecohydrological variables. We find a similar result for PLMR, which cor-
relates most with ecohydrological variables in all regions, except for the Mediterranean Basin. A detailed
description of the number of significant correlations per region and season is presented in Tables 2 and 3 and
described in Text S2 in Supporting Information S1.

ELMR correlates most with variables related to wetness (i.e., tP, Al and VPD), specifically tP, and wind speed
(Table 2). However, it is not solely dependent on these variables, given that ELMR is highest in the Mediterranean
Basin, which is not the wettest region. This high ELMR is instead likely caused by the complex topography of the
Mediterranean Basin. PLMR correlates most (both positive correlations and negative correlations) with evapo-
ration over tree canopy and VPD (Table 3), followed by tE and distance to the coast. Different from the Spearman
rank correlation, the PCA indicates that the evaporation fluxes related to vegetation also play an important role for
ELMR, in two of the study regions. Temporal patterns in the correlation coefficients vary among the regions, as
well as between ELMR and PLMR. For example, some variables correlate with ELMR throughout the year, such
as the ecohydrological variables for South West US and the Mediterranean Basin and the non-ecohydrological
variables for central Chile. During summer specifically, ELMR correlates with a relatively large number of
variables. For PLMR, this peak in the number of correlations is not as clearly observed, despite its clear sea-
sonality. Generally, correlations between ecohydrological variables and ELMR are consistent with correlations
between ecohydrological variables and PLMR, that is, moderate to strong positive correlations for ELMR do not
co-occur with strong negative correlations with PLMR for the same variables, and vice versa. However, for the
South West US, we do observe such inconsistencies for precipitation, Al and VPD.

Finally, both ELMR and PLMR also have insignificant correlation coefficients for all regions (Tables 2 and 3).
The Cape region of South Africa has a large number of insignificant correlations for both ELMR and PLMR,
which may be explained by the small sample size of this region. Furthermore, for central Chile, ELMR has many
insignificant correlations with ecohydrological variables compared to non-ecohydrological variables, suggesting
the dependence of ELMR on the latter. Through similar reasoning we find that, for the South West US, ELMR
seems to depend more on ecohydrological variables and for both the South West US and Mediterranean Basin,
PLMR seems to depend more on the ecohydrological variables.

3.2.2. Linear, Multivariate Correlations: Clustering of Variables

To complement the Spearman rank correlations, the PCA gives insight into the clustering of the ecohydrological
and non-ecohydrological variables (Figures S5-S10 and Tables S3—S8 in Supporting Information S1). For the
average of all regions, there are 11 sets of ecohydrological variables, and two sets of non-ecohydrological

Figure 4. Differences in ELMR and PLMR among the five major Mediterranean-type climate regions for the period 2008-2017. SWUS: South West US, MB:
Mediterranean Basin, CC: central Chile, CSA: the Cape region of South Africa, SWA: South West Australia. (a) Variation of ELMR throughout the year, where the
values are averages over the 10-year period and all grid cells of that specific region. (b) Variation of PLMR throughout the year, similar to (a). (c) Boxplots indicating the
distribution of ELMR for all grid cells in each region during summer (JJA on the Northern Hemisphere and DJF on the Southern Hemisphere). The values are 10-year
seasonal averages. The green box indicates the interquartile range, and the black horizontal line in this box indicates the median value of ELMR. (d) Boxplots indicating
the distribution of PLMR for all grid cells during summer, similar to (c). (e) The number of moderate to strong (p > 0.4) significant correlations between either PLMR/
ELMR and ecohydrological/non-ecohydrological variables.
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variables (Figure S10 and Table S8 in Supporting Information S1). A set is the combination of two variables from
which the angle between their loadings <30°. None of the ecohydrological variables form a set with any of the
non-ecohydrological variables (Figure S10 and Table S8 in Supporting Information S1). For all regions, except
central Chile, there are more sets of ecohydrological variables than of non-ecohydrological variables (Text S3 and
Tables S3—S7 in Supporting Information S1). Furthermore, on average, there is a stronger clustering among the
ecohydrological variables than the non-ecohydrological variables.

Finally, taking into account the results of the PCA and Spearman rank correlation analysis, we observe that
variables related to vegetation correlate to ELMR and PLMR across regions. Furthermore, these vegetation-
related variables appear to be linked to the hydrological cycle as they cluster with other ecohydrological vari-
ables. The dependence of ELMR and PLMR on vegetation related variables also appears to be visible from the
relatively large amount of insignificant correlations that ELMR and PLMR have with non-ecohydrological
variables for some of the regions, and from the lack of clustering between ecohydrological and non-
ecohydrological variables.

4. Discussion

Local moisture recycling has stronger correlations with ecohydrological variables than with non-ecohydrological
variables, which indicates that the local water cycle corresponds more strongly to vegetation and the hydrological
cycle than to other landscape characteristics. In this study we split up local moisture recycling in local evaporation
recycling (ELMR) and local precipitation recycling (PLMR), which we obtained from the output of a dynamical
model. The clear statistical relations of ecohydrological variables with ELMR and PLMR may have implications
for our understanding of the effect of land cover changes on the local hydroclimate, as the proportion of locally
recycled water does not seem to be fixed, but dependent on vegetation itself. This is further supported by our
finding that variables that are associated with an increase in vegetation, such as transpiration and evaporation over
tree canopy, tend to coincide with a larger fraction of locally recycled water. Furthermore, clustering among the
ecohydrological variables suggests that changes in either the water cycle or vegetation could affect local recycling
either directly or indirectly through interactions among ecohydrological variables, enhancing the importance of
ecohydrological variables for local recycling.

4.1. Patterns in Local Evaporation Recycling and Local Precipitation Recycling

Although ELMR and PLMR are low on average (1%-2%), they vary strongly in space and time. Both ELMR and
PLMR peak over elevated regions and during summer. Peaks over mountainous regions can be explained by the
orographic lift that pushes air upward over the mountain, which causes the air to cool down and the moisture in it
to condensate, forming raindrops (Roe, 2005). In the Mediterranean Basin, maximum ELMR exceeds 5% and
maximum PLMR exceeds 30%. These high values are likely caused by the complex topography within the region.
Furthermore, ELMR is larger on the Northern Hemisphere than on the Southern Hemisphere (Figure S2a in
Supporting Information S1). This may result from the location of the two driest regions, South West Australia and
the Cape region of South Africa, on the Southern Hemisphere. There was no clear difference in PLMR between
the Northern and Southern Hemisphere, which could be due to differences in the contribution of oceanic moisture
sources to tP (Jana et al., 2018) among the Mediterranean regions. Differences between ELMR and PLMR, and
how strongly they vary throughout the year, are the result of a mismatch between evaporation and precipitation.
This mismatch results from the strong seasonality of precipitation as Mediterranean regions are characterized by
wet winters and dry summers. During winter, there is a larger moisture transport from the ocean and sea toward
land compared to summer (Batibeniz et al., 2020; Holgate et al., 2020) and during summer, there is a larger
contribution of terrestrial moisture sources to precipitation (Gdmez-Hernandez et al., 2013; Holgate et al., 2020),
resulting in smaller PLMR in winter and larger PLMR in summer.

Peaks in evaporation and precipitation recycling over elevated regions and during summer were also found in
previous studies at a larger regional scale, for example, for recycling within 150 km (Van der Ent et al., 2010). In
addition, continental moisture recycling also peaks during summer (Rios-Entenza et al., 2014; Tuinenburg
et al., 2020b; Van der Ent et al., 2010). Earlier findings have shown that the spatial and temporal patterns of
ELMR are robust between two models (Theeuwen et al., 2023a). However, the models yielded a different range of
values (Theeuwen et al., 2023a), indicating that exact values of ELMR and PLMR should be interpreted and
treated more carefully than their patterns. Isotopic ratios have been suggested as proxies for recycling
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observations, however, their relationship with atmospheric moisture recycling is complex and needs further
investigation (Cropper et al., 2021). Therefore, aside from comparing output from different models, it is currently
not possible to validate the outcome of different moisture tracking models.

4.2. Underlying Variables of Local Evaporation Recycling and Local Precipitation Recycling

The ecohydrological variables are more important for ELMR and PLMR than the non-ecohydrological variables
in all regions except for central Chile. This anomaly is possibly due to the region's high mountains. For the other
four regions overall, we find that precipitation, VPD, and evaporation over tree canopy relate strongly to both
ELMR and PLMR. The strong correlations between evaporation over tree canopy and ELMR may be a result of
that intercepted water precipitates closer to its source than transpired water (Van der Ent et al., 2014). However,
specifically for the Mediterranean Basin, which has the largest transpiration flux of all five regions, we also find
positive correlation between ELMR and transpiration during spring, summer, and autumn (Table 1). In addition,
for the Mediterranean Basin, PLMR correlates little with either ecohydrological or non-ecohydrological vari-
ables, potentially due to a strong contribution of moisture from the Mediterranean Sea. Striking is that tP posi-
tively correlates with ELMR and negatively with PLMR. The former holds for all regions and suggests that for
Mediterranean-type climate regions, an increase in precipitation may result in a stronger-than-linear increase in
the absolute amount of recycled evaporation, as ELMR is a relative metric. This increase in ELMR, and thus
precipitation, can feedback to an increase in vegetation, which could result in a positive feedback loop (Chen
et al., 2020; Dekker et al., 2007; Spracklen et al., 2012) that strengthens the water cycle.

Even though the results show some clear patterns, they should be interpreted with care and a number of limitations
should be considered. First, the Mediterranean regions vary in size, resulting in a different sample size for each
region, affecting the statistical outcomes. For instance, smaller sample sizes result in less statistical power, which
may explain the large amount of insignificant correlation coefficients for the Cape region of South Africa.
However, most important is that the variation in size does not have a direct influence on ELMR and PLMR, as
these metrics are calculated over a constant area. To compare recycling of moisture within areas with varying
sizes, which is the case for regional recycling, recycling ratios need to be scaled to assess the impact of the region's
size. Normalizing ERMR and PRMR shows that both types of regional recycling do not scale linearly with the
region's size, which is probably due to differences in the characteristics of each region specifically, such as shape
and topography. Also climate affects regional recycling ratios, as ERMR and PRMR in Mediterranean regions are
smaller than in the tropics (Tuinenburg et al., 2020b).

Naturally, correlation does not imply causality. To overcome this limitation, we suggest as a follow-up to study
ELMR and PLMR using regional climate models (e.g., Jach et al., 2020), or simple column models (e.g., Konings
et al., 2011), for a more careful assessment of the underlying processes of ELMR and PLMR. The results of our
study could inform the design of such a follow-up study, for example, it should explicitly consider the different
evaporation fluxes. Our study also did not include all relevant parameters. For example, we did not include any
soil characteristics, which affect infiltration (Lehmann et al., 2018; Mayor et al., 2009) and, therefore, affect to
what extent an increase in ELMR may feed back to vegetation. Finally, our results show it is possible to identify
local scale processes underlying ELMR and PLMR using data with a resolution of 50 km. However, a similar
study at an even higher resolution is likely to bring an even more detailed understanding of the underlying local
processes.

4.3. Outlook: The Potential and Impact of Land Cover Changes to Enhance Rainfall

The future drying that is projected across Mediterranean regions will probably affect ELMR and PLMR due to
their apparent dependency on wetness. We expect ELMR to generally decrease in the future, because ELMR is
smaller during dry periods (Theeuwen et al., 2023a). Conversely, we expect PLMR to generally increase due to its
negative correlation with wetness. This projected drying could be reduced by regreening as it is suggested that
regreening may enhance rainfall (Griscom et al., 2017; Staal et al., 2024). However, tree restoration may also
enhance local drying in regions with little moisture recycling (Hoek van Dijke et al., 2022). Our results suggest
that, despite generally low ELMR and PLMR, vegetation increases may enhance both types of local recycling and
may initiate a positive feedback. Therefore, regreening could contribute to reducing future drying, under the
condition that the evaporation increase is compensated for by the increase in precipitation.
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ELMR could be used to find locations in each of the five Mediterranean-type climate regions where regreening
has arelatively large potential to minimize drying locally. Among locations with such a high regreening potential,
PLMR could indicate where an increase in local rainfall has a significant impact; the impact increases with higher
PLMR. In regions with a relatively high ELMR and PLMR, regreening may strengthen the local water cycle
significantly. However, most evaporation recycles non-locally (Theeuwen et al., 2023a) and, therefore, regre-
ening will likely be more effective on a larger scale.

Although ELMR shows consistent patterns globally with peaks over wet (e.g., tropics) and elevated (e.g.,
montane grassland) areas and during summer (Theeuwen et al., 2023a), it is unclear if regreening could also
strengthen the water cycle in other-climate-type regions, given that even among the Mediterranean regions, there
seems to be variation in the underlying processes of ELMR and PLMR. This variation highlights the importance
of region-specific characteristics underlying ELMR and PLMR and suggests that land cover changes have a
different effect on the local water cycle for each Mediterranean region and likely also other-type-climate regions.

5. Conclusions

We studied moisture recycling on a scale of approximately 50 km for five Mediterranean-type climate regions
globally. We looked at local evaporation recycling (ELMR), that is, the fraction of evaporated moisture that
returns as precipitation within 50 km from its source, and established its precipitation equivalent: local precip-
itation recycling (PLMR), that is, the fraction of precipitation that evaporated from within 50 km of where it
precipitates. This spatial scale of 50 km allowed us to find the relations of ELMR and PLMR with ecohydrological
and non-ecohydrological variables.

Overall, ELMR and PLMR are small (1%-2%), but peak over mountainous regions and during summer. In
addition, ELMR peaks over wet regions and PLMR peaks over dry regions. In general, ELMR and PLMR
correlate the strongest and most frequently with ecohydrological variables, indicating that the local water cycle is
susceptible to land cover changes. This suggests potential to enhance local water availability with climate
adaptation measures.

The correlations between ELMR/PLMR and ecohydrological/non-ecohydrological variables vary among the
Mediterranean regions. Differences in vegetation, topography and wetness among the regions contribute to these
differences. The driest region, South West Australia, has the lowest ELMR. ELMR and PLMR are largest in the
Mediterranean Basin, possibly due to its complex topography. In central Chile, our results imply that vegetation
and the hydrological cycle have a relatively small impact on ELMR compared to other regions, suggesting that
ELMR may be fixed by the high mountains. Finally, differences in vegetation cover and the partitioning of
evaporation fluxes among the regions could cause differences in ELMR and PLMR.

As a first step in determining local hydrological impacts of land cover changes, we showed that both ELMR and
PLMR are dependent on land cover type. As a next step, region-specific studies are needed to determine if and
where land cover changes may enhance rainfall locally. Our results suggest that there mainly is potential for this in
mountainous regions and in the Mediterranean-type regions of the Northern Hemisphere, specifically the
Mediterranean Basin. Finally, our results suggest that an increase in evaporation due to land cover changes may
enhance precipitation and consequently reduce local drying if evaporated losses are compensated for.

Data Availability Statement

The high-resolution atmospheric moisture connections are available at Pangaea (https://doi.pangaea.de/10.1594/
PANGAEA.912710 (Tuinenburg et al., 2020a). The local evaporation recycling ratio data are freely available at
Zenodo https://doi.org/10.5281/zenodo.7684640 (Theeuwen et al., 2023b). The local precipitation recycling ratio
data and regional moisture recycling data are freely available at Zenodo, http://doi.org/10.5281/zenodo.13868472
(Theeuwen et al., 2024). Scripts that can be used to interpret the moisture recycling ratios are freely available on
GitHub, https://github.com/jtheeu/LocalMoistureRecycling (Theeuwen, 2024). The Mediterranean mask is
published as a supplement to this paper. The ERAS data is freely available at the Copernicus Climate Change
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