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1  |  INTRODUC TION

Atmospheric moisture recycling is a highly important process in the 
hydrological cycle, as it effectively increases the available water 

within a catchment and at regional scales (van der Ent et al., 2010). 
It is the process by which evaporated water is returned to the atmo-
sphere where it can precipitate in situ or be carried downwind and 
precipitate out (Aragão, 2012). This process of making rain and the 
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Abstract
Atmospheric moisture recycling effectively increases the amount of usable water 
over land as the water can undergo multiple precipitation–evapotranspiration cycles. 
Differences in land cover and climate regulate the evapotranspiration flux. Forests 
can have deep roots that access groundwater facilitating transpiration throughout 
the dry season independent of precipitation. This stable transpiration buffers the for-
est against precipitation variability. However, it is not known whether the buffering 
effect, already modeled for tropical forests, is common to all forests globally. Here 
we apply a state-of-the-art Lagrangian moisture tracking model (UTrack) to study 
whether forest land cover in the upwind precipitationshed can lead to a reduction in 
monthly precipitation variability downwind. We found a significant buffering effect 
of forests in the precipitation variability of 10 out of 14 biomes globally. On average, if 
50% of precipitation originates from forest, then we find a reduction in the coefficient 
of variation of monthly precipitation of 60%. We also observed that a high fraction of 
precipitation from non-forest land sources tends to have the opposite effect, that is, 
no buffering effect. The average variation of monthly precipitation was 69% higher 
in areas where 50% of precipitation originates from non-forest land sources in the 
precipitationshed. Our results emphasize the importance of land cover composition in 
the precipitationshed to buffer precipitation variability downwind, in particular forest 
cover. Understanding the influence of land cover in a precipitationshed on atmos-
pheric moisture transport is key for evaluating an area's water-climate regulatory eco-
system services and may become increasingly important due to continued changes in 
land cover and climate change.

K E Y W O R D S
atmospheric transport, evapotranspiration, forests, moisture recycling, precipitation variability

www.wileyonlinelibrary.com/journal/gcb
mailto:﻿
https://orcid.org/0000-0003-1431-0651
https://orcid.org/0000-0001-7764-2464
https://orcid.org/0000-0001-5409-1436
https://orcid.org/0000-0001-6895-0094
https://orcid.org/0000-0002-1722-3935
https://orcid.org/0000-0002-6558-7477
http://creativecommons.org/licenses/by/4.0/
mailto:j.c.oconnor@uu.nl
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fgcb.15763&domain=pdf&date_stamp=2021-07-28


    |  4687O'CONNOR et al.

redistribution of this moisture are crucial for rain-dependent pro-
cesses such as natural ecosystem functioning, crop production and 
securing water for human well-being (António Sumila et al., 2017; 
Keys et al., 2016). Moisture recycling is affected by land-cover-driven 
differences in evapotranspiration or evaporation fluxes, which di-
rectly alter the amount of precipitable water downwind (Jasechko 
et al., 2013; Spracklen et al., 2012). Thus, the land cover type at an 
evapotranspiration site may influence the magnitude and variabil-
ity of downwind precipitation. Globally, the average residence time 
of water in the atmosphere following evapotranspiration is 9 days 
(van der Ent & Tuinenburg, 2017). We refer to a reduction in precip-
itation variability by the upwind land cover as “buffering.” Knowing 
this buffering effect is fundamental to understand the water-climate 
regulatory ecosystem service of moisture recycling and assess water 
security at local, regional and global scales (Keys et al., 2019).

Atmospheric transport of moisture can carry water 100–
1000 km before it rains out (Staal et al., 2018; van der Ent & Savenije, 
2011). Due to this, a single molecule of water can undergo several 
precipitation–evapotranspiration cycles before it enters the ocean 
again (Zemp et al., 2014). The “upwind” source area of evaporation 
or evapotranspiration that contributes to a specific location's pre-
cipitation is known as the precipitationshed (Keys et al., 2012). We 
use the term evapotranspiration to mean the combined flux of evap-
oration and transpiration from the land and the term evaporation to 
mean the flux from the ocean. Land cover within the precipitation-
shed affects the contribution of water to atmospheric moisture due 
to differences in the evapotranspiration flux. Land covered by bare 
soil only contributes to atmospheric moisture through evaporation, 
which is dependent on solar radiation, wind speed, soil moisture 
availability of the topsoil and humidity (Black et al., 1969). However, 
for vegetated land cover types, transpiration (Dekker et al., 2000) 
and leaf surface area increase interception evaporation (Vrugt et al., 
2003). Short vegetation such as grasses and crops have a simple can-
opy structure and relatively shallow rooting depths, making transpi-
ration strongly dependent on recent precipitation (O'Connor et al., 
2019) while trees and forests have taller, more complex canopies 
that facilitate higher evapotranspiration. Trees also have deeper 
rooting depth than grasses, which decouples their transpiration 
from recent precipitation as they can access deeper groundwater 
stores (Nepstad et al., 1994). At these local scales, access to deeper 
groundwater reduces the variability of the evapotranspiration flux 
and protects the forest from drought by maintaining water supply 
for photosynthesis (Maeda et al., 2017; Nepstad et al., 1994). Studies 
have shown that, for example, Amazonian forests can maintain 
evapotranspiration during the dry season (3–4 months) due to their 
deep roots and access to deep groundwater (Maeda et al., 2017). It 
has been estimated that evapotranspiration of forested areas in the 
Amazon ranges from 105.4 to 122.2 mm month−1 while grasslands 
have evapotranspiration ranges from 44 to 108.5 mm month−1 (Paca 
et al., 2019), varying seasonally. Forest transpiration can contribute 
up to 70% of regional precipitation at the end of the dry season in 
parts of the Amazon (Staal et al., 2018). Given the ability of trees 
to tap into deeper water sources and of forest evapotranspiration 

being a major contributor to atmospheric moisture, not only the 
Amazon forest but also forests worldwide may contribute to reduc-
ing precipitation variability, that is, that forests contribute to a more 
generalized process of buffering precipitation variability.

As evapotranspiration across the precipitationshed contributes 
to the atmospheric moisture content and therefore influences the 
magnitude and variability of precipitation, here we aim to answer 
how does the land cover within a given precipitationshed affect the 
variability of precipitation, that is, exerts a buffering effect? Based 
on previous research in the Amazon, we expect that areas with a high 
fraction of precipitation originating from forests within its precipi-
tationshed would have lower variability in precipitation than areas 
with a low fraction of precipitation originating from forests. To test 
this hypothesis, we conduct a global analysis using a state-ofthe-art 
Lagrangian moisture transport model UTrack (Tuinenburg & Staal, 
2020) to calculate the origin of precipitation at a 1° resolution. We 
then determine the fractions of precipitation originating from for-
ests, non-forest and oceans, and relate these values to the monthly 
variability in precipitation. Through these analyses, we determine 
the contribution of forests to atmospheric moisture and the result-
ing buffering of precipitation downwind. Such an understanding of 
these contributions of forest to atmospheriic moisture highlights the 
interdependency of downwind land cover types on water originating 
from forests elsewhere, a fundamental ecosystem service at local, 
regional and global scales.

2  |  METHODS

2.1  |  Model

For our analysis, we utilize the moisture transport model UTrack 
developed by Tuinenburg and Staal (2020). The model uses a 
Lagrangian approach to reconstruct atmospheric moisture flows 
and is forced with the latest and most detailed reanalysis data from 
ECMWF, ERA5 (Copernicus Climate Change Service, 2017). ERA5 
provides hourly global atmospheric data at 0.25o  ×  0.25o resolu-
tion. The model tracks moisture parcels through the atmosphere 
from evapotranspiration to precipitation at 0.1  h time steps. To 
achieve this, the hourly ERA5 data are interpolated to 0.1 h incre-
ments. Furthermore, data from ERA5's 25 atmospheric layers are 
re-distributed within the vertical range of each atmospheric layer to 
realize as accurate-as-possible atmospheric trajectories.

At each time step, evapotranspiration “parcels” equivalent to 
0.01mm of water are released and distributed randomly within the 
atmospheric column. While the magnitude of evapotranspiration is 
determined by the ERA5 data, the exact location within each grid 
cell is randomized. The released parcels are tracked through the at-
mosphere across three dimensions using interpolated ERA5 wind 
speed and direction. Vertical mixing is simulated using a random-
ization probabilistic process which redistributes parcels approxi-
mately once every 24 h. Finally, precipitation data from ERA5 are 
used to determine the amount of precipitation at a given location 
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which is removed proportionately from each of the available par-
cels. Each moisture parcel is tracked until depletion (<1% of tracked 
moisture remaining) or it has remained within the atmosphere for 
30 days. Although this process is more intensive than that in older 
moisture tracking models, it provides a more complete accounting 
of moisture flows. As the simulations are forced with ERA5 reanal-
ysis data at all stages, they are supported by on the best available 
climate data. Furthermore, extensive sensitivity analyses were done 
for optimal use of the ERA5 reanalysis data. A full explanation of the 
model including all equations and sensitivity analyses can be found 
in Tuinenburg and Staal (2020).

During this study, we included an extra label to each “parcel” of 
water to identify which land cover source the water originates from. 
We used the land cover data from Song et al. (2018) as it provides the 
fraction of tall vegetation, short vegetation and bare soil cover up-
dated annually from 1982 to 2016 at a high spatial resolution (0.01°). 
We used these labeled parcels to calculate the total monthly precip-
itation originating from three land cover classes: forest - equivalent 
to tall vegetation, non-forests - equivalent to the combination of 
short vegetation and bare soil, and ocean - equivalent to all non-land 
areas between 2000 and 2016 rescaled to 1° resolution.

2.2  |  Analysis

The first step was to assess whether there are geographic differ-
ences related to the origin of precipitation. We visualized the mean 
monthly fraction of precipitation originating from the three land 
cover types calculated from 2000 to 2016 for the global extent. We 
then computed the fraction of forest cover, the mean monthly pre-
cipitation and its coefficient of variation (CV) per biome.

Due to geographic differences in climate, vegetation and precip-
itation, we decided to conduct our analysis using biomes. We used 
the ecoregions dataset from Dinerstein et al. (2017) downloaded 
from https://ecore​gions​2017.appsp​ot.com. This dataset provides 
vectorized data of 14 biomes segmented by dominant climate and 
vegetation, which we rasterized at 1° resolution (Figure S1).

We examined how monthly precipitation is related to forests in 
the precipitationshed. We conducted a set of regression analyses 
per biome, where we regressed the CV in precipitation derived from 
monthly ERA5 data between 2002 and 2017 as a function of the 
fraction of precipitation originating from forest, non-forest or ocean 
in the precipitationshed. If the regression had a negative slope, we 
interpreted it as the precipitation variability decreasing with an in-
crease in precipitation contribution from that source, that is, a buff-
ering effect. To calculate the precipitation variability of each grid 
cell, we used the CV in monthly precipitation. We chose the CV 
because it is a standardized metric, making it possible to compare 
precipitation variability among locations while accounting for differ-
ences in precipitation magnitude. As we use all available cells in a 
given biome, the relationships from our analysis are not bounded by 
the assumptions regarding sampling of typical statistical analyses. 
We present model statistics (F-test for regression line fit, t-test for 

significance of the regression coefficient, confidence intervals for 
reliability in the estimates of the coefficients) and fit parameters (co-
efficient of determination—R2). All analyses were performed using 
MATLAB R2018b.

3  |  RESULTS

3.1  |  Fraction of precipitation origin

We found strong geographic differences in precipitation origin due 
to forest, non-forest and oceans (Figure 1). Forest precipitation ori-
gin is dominant only in the Amazon (South America) and the Congo 
(Africa) basins, where these fractions are greater than 0.5 (Figure 1a). 
Parts of Southeast Asia, eastern Russia and North America have a 
lower fraction of precipitation that originates from forest, around 
0.3 (Figure 1a). We also observe a general pattern of high fractions 
of ocean origin near coastal areas (Figure 1c) while larger inland land-
masses show higher fractions of both forest and non-forest origins 
(Figure 1a,b). The highest CV of monthly precipitation was concen-
trated in dry biomes where there is an extremely low mean monthly 
precipitation (Figure 1d).

3.2  |  Buffering

3.2.1  |  Precipitation from forest origin

We found a significant negative effect of the fraction of precipita-
tion originating from forest on the CV of monthly precipitation for 
10 of the 14 biomes analyzed (Figure 2; Table S2). This means that, 
in these biomes, forests have a buffering effect, as areas that have 
a higher fraction of precipitation originating from forest within their 
precipitationshed have a lower variability of monthly precipitation. 
On the other hand, the areas with lower fractions of precipitation 
originating from forest have higher variability in precipitation. In 
other words, for 10 out of 14 biomes globally, forests are found to 
have a buffering effect against precipitation variability.

The strongest buffering effect of forest and the best fit with a 
linear model was for mangrove forests (slope = −3.296; R2 = 0.346; 
Figure 2f). Tropical moist broadleaf forests (slope  =  −0.960, 
R2  =  0.273; Figure 2a) and tropical savannas (slope  =  −2.180, 
R2 = 0.211; Figure 2b) had the next best fits and a significant buff-
ering effect on precipitation variability. For tropical moist broadleaf 
forest, this means that the CV of monthly precipitation is reduced by 
53% if the fraction of precipitation originating from forest increases 
from 0 to 0.5. For tropical savannas, this effect is even stronger with 
a buffering effect of 67%. For mangroves, as the maximum fraction 
of precipitation originating from forest is 0.35 this buffering effect 
reaches 107%. This means that on average if tropical areas receive 
50% of their precipitation from forest sources, they will have 68% 
lower variation in precipitation. More generally, and using the linear 
models, we found on average that for the biomes where forest had a 

https://ecoregions2017.appspot.com
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significant buffering effect, if an area received 50% of its precipita-
tion from forest, then the CV of monthly precipitation was reduced 
by 60% compared to a situation where none of the precipitation 
originates from forests.

Only two biomes exhibited an increase in precipitation variabil-
ity with increasing fraction of precipitation originating from forest 
namely temperate coniferous forests (slope  =  0.528, R2  =  0.026; 
Figure 2j) and deserts (slope  =  5.962, R2  =  0.055; Figure 2n). We 
found no effect in boreal forests and tundra.

3.2.2  |  Precipitation from non-forest origin

We found a significant positive effect of the fraction of precipita-
tion from non-forest origin on the CV of monthly precipitation for 
10 out of the 14 analyzed biomes (Figure 3; Table S3). Put oth-
erwise, when there is a higher fraction of precipitation coming 
from non-forest, there is higher variability in monthly precipita-
tion. Seven of these significant biomes had significant negative 
effects when considering precipitation originating from forest. 
The best fitting linear regressions occurred for the three broadleaf 
forests (tropical moist broadleaf forests slope = 0.934; R2 = 0.230; 
Figure 3a, tropical dry broadleaf forests slope = 1.213; R2 = 0.241; 
Figure 3c, temperate broadleaf and mixed forests slope = 0.995; 
R2 = 0.395; Figure 3h). The lack of buffering in these three biomes 
means that on average if areas receive 50% of their precipitation 
from non-forest, there is a resulting increase in the CV of monthly 

precipitation of 66%. More generally, if an area within the 10 sig-
nificant biomes receives 50% of precipitation from non-forest, 
then there is an increase in 69% in the CV of monthly precipita-
tion. We did find a buffering effect of non-forest vegetation for 
Mediterranean forests (slope  =  −1.505; R2  =  0.068; Figure 3g), 
montane grassland (slope = −0.121; R2 = 0.010; Figure 3k) and de-
serts (slope = −1.321; R2 = 0.048; Figure 3n); however, all had very 
weak fits. We found no significant effect for tropical coniferous 
forests.

3.2.3  |  Precipitation from ocean origin

We found no clear pattern in the effect of precipitation fraction 
originating from ocean across the different biomes, with six biomes 
showing some buffering effect and the other five showing an in-
crease in the CV of monthly precipitation; we also found that for 
three biomes here was no significant effect (Figure 4; Table S4). 
The strongest negative regressions occurred for temperate broad-
leaf forests (slope  =  −0.607; R2  =  0.232; Figure 4h) and boreal 
forests (slope = −0.506; R2 = 0.119; Figure 4l) while the strongest 
positive regression coefficients were for Mediterranean forests 
(slope = 1.128; R2 = 0.064; Figure 4g) and deserts (slope = 0.8236; 
R2 = 0.022; Figure 4n). We found that, on average, correlation coef-
ficients for the majority of the biomes were lower than those identi-
fied for the fractions of precipitation originating from both forest 
and non-forest.

F I G U R E  1  Mean monthly fraction of precipitation by origin: (a) Forests; (b) Non-forest; (c) Ocean; (d) CV of monthly precipitation. 
The sum of the first three panels (a–c) is equal to 1 for each 1° grid cell, and this display was chosen to easily identify areas that are more 
dependent on a particular precipitation source. Note that the range of (a) is 0–0.7. For example, we can see that areas of western South 
America and the Congo basin rely heavily on precipitation from forests while ocean is the dominant precipitation source for many coastal 
areas and Australia
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4  |  DISCUSSION

Understanding the ability of forests to buffer precipitation vari-
ability elsewhere, is fundamental to better understand the hydro-
logical cycle and the water-climate regulatory ecosystem service it 

provides. We investigated whether forests buffer against monthly 
precipitation variability across the globe and we find that, indeed, 
these contributions are fundamental to reduce precipitation vari-
ability downwind in 10 out of the 14 global terrestrial biomes we 
examined. We demonstrate that if 50% of an area's precipitation 

F I G U R E  2  Linear regression of fraction of precipitation originating from forest and coefficient of monthly precipitation variation for 14 
biomes globally. Dots in the scatter plot are color coded indicating the fraction of forest cover at sink cell. For plots where significant effects 
(p < 0.05) were detected we include a regression line and the R2 value; we do not include a regression line when effects were non-significant. 
(a) Tropical moist broadleaf forests; (b) Tropical savannas; (c) Tropical dry broadleaf forests; (d) Tropical coniferous forests; (e) Flooded 
Grasslands; (f) Mangroves; (g) Mediterranean forests; (h) Temperate broadleaf forests; (i) Temperate grasslands; (j) Temperate coniferous 
forests; (k) Montane grasslands; (l) Boreal forests; (m) Tundra; (n) Deserts
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F I G U R E  3  Linear regression of fraction of precipitation originating from non-forest and coefficient of monthly precipitation variation. 
For plots where significant effects (p < 0.05) were detected we include a regression line and the R2 value; we do not include a regression 
line when effects were non-significant. (a) Tropical moist broadleaf forests; (b) Tropical savannas; (c) Tropical dry broadleaf forests; (d) 
Tropical coniferous forests; (e) Flooded Grasslands; (f) Mangroves; (g) Mediterranean forests; (h) Temperate broadleaf forests; (i) Temperate 
grasslands; (j) Temperate coniferous forests; (k) Montane grasslands; (l) Boreal forests; (m) Tundra; (n) Deserts
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F I G U R E  4  Linear regression of fraction of precipitation originating from ocean and coefficient of monthly precipitation variation. For 
plots where significant effects (p < 0.05) were detected we include a regression line and the R2 value; we do not include a regression line 
when effects were non-significant. (a) Tropical moist broadleaf forests; (b) Tropical savannas; (c) Tropical dry broadleaf forests; (d) Tropical 
coniferous forests; (e) Flooded Grasslands; (f) Mangroves; (g) Mediterranean forests; (h) Temperate broadleaf forests; (i) Temperate 
grasslands; (j) Temperate coniferous forests; (k) Montane grasslands; (l) Boreal forests; (m) Tundra; (n) Deserts
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originates from forests, there is a strong buffering effect with an 
average reduction of 60% in the CV of monthly precipitation. This 
buffering effect is not restricted to tropical forests only, but occurs 
across global biomes.

We find that the buffering effect of forests was strongest for 
tropical biomes, that is, tropical moist forests, tropical savannas and 
mangroves. For those three terrestrial biomes, we find that if 50% of 
a tropical area's precipitation originates from forests, then its CV of 
monthly precipitation is reduced by 68%. This can be explained by 
the inherent moisture recycling within tropical biomes, due to their 
dense and expansive forests and high evapotranspiration fluxes 
but also by contributions from elsewhere (Spracklen et al., 2018; 
Tuinenburg et al., 2020). Both the Amazon and Congo basins have 
been shown previously to recycle a high fraction of their evapo-
transpiration within their respective continents (van der Ent et al., 
2010). Although Southeast Asia is home to 15% of all tropical rain-
forests (Estoque et al., 2019), the precipitation is more influenced 
by the surrounding ocean (Staal et al., 2020). As the evapotranspira-
tion flux of tropical forests is relatively stable throughout the year, 
this reduces precipitation variability downwind. These results are 
in line with our hypothesized mechanism for the fraction of forest 
origin being more constant when forests are able to access to deep 
groundwater and maintain evapotranspiration, which is characteris-
tic of tropical forests as they have longer rooting depths (Nepstad 
et al., 1994).

Of the other biomes for which we also detected a buffering 
effect, the fit was weaker. For instance, for temperate broadleaf 
forests (Figure 2h), the weak fit could be attributed to a low av-
erage forest cover of 34%, about half that found in tropical moist 
broadleaf forests (Table S1). The distance of atmospheric transport 
in many of the temperate regions is relatively short (Tuinenburg 
et al., 2020; van der Ent & Savenije, 2011) as a result low forest 
cover produces a much lower fraction of precipitation originating 
from forests. Furthermore, large proportions of temperate forests 
are in areas dominated by precipitation from non-forest or ocean, 
such as in eastern Asia (Figure1b; Figure S1) and western Europe 
(Figure 1c; Figure S1). Therefore, the variation of precipitation will be 
more strongly influenced by these dominant sources. The fact that 
these biomes have vegetation with shallower rooting depths than 
their tropical counterparts (Fan et al., 2017) may also explain the 
weaker effect of these types of forests. Other biomes, for example, 
Mediterranean and temperate grasslands, had steeper decreases 
in the CV of monthly precipitation but lower fits of the regression 
model, in part because of the low forest cover (Table S1) and in part 
because larger fractions of precipitation come in from sources other 
than forest. We do know that in savannas and grasslands there are 
many species with deep roots, but these tend not to be dominant in 
the plant community (Canadell et al., 1996). Therefore, their effect 
becomes diluted in comparison to that observed for tropical forests, 
and the evapotranspiration fluxes are more variable (Zhang et al., 
2016), explaining the lower effect for these grassy biomes.

Some biomes naturally occur in a small area globally, be-
cause of their specializations and adaptation to local climates and 

environmental conditions—for example, tropical coniferous forests, 
flooded grasslands and mangroves (Table S1). Therefore, despite 
an apparent lower “data sampling,” it actually includes all cells that 
globally are dominated by that biome so the results are in our under-
standing robust.

Interestingly, two biomes had a positive correlation between the 
fraction of precipitation originating from forest and CV of monthly 
precipitation, meaning that there was higher precipitation variability 
at high fractions of precipitation generated from forests. The first 
biome, deserts, is defined by low vegetation cover (<1% forest veg-
etation) and low and extremely variable monthly precipitation. The 
desert biomes are large and relatively remote from any large for-
ested areas. This makes it highly unlikely for a consistent supply of 
atmospheric moisture originating from forests to reach and precip-
itate out over this biome. The areas with the highest CV of monthly 
precipitation were located in the Sahara Desert where the mean 
month precipitation of these cells was <1mm. The second biome was 
temperate coniferous forests; however, the effect we found was not 
very strong and had a weak fit. The temperate coniferous forest 
biome is concentrated on the western coast of North America and 
globally at high altitudes. These high altitudes experience high sea-
sonality of evapotranspiration due to low temperatures (Falge et al., 
2002), that is, at low temperatures as trees avoid frost damage by 
reducing photosynthesis they also reduce evapotranspiration fluxes. 
The final two biomes for which we did not find a significant effect, 
boreal forests and tundra, are also associated with below-zero win-
ter temperatures. These latter forested biomes also have shallow 
roots (Canadell et al., 1996). This is in line with our hypothesized 
mechanism. Furthermore, we believe that the biophysical limitations 
imposed by low temperatures supersede water accessibility effects.

Further supporting our hypothesis were the results for non-
forest land cover. In this analysis, we found a significant positive ef-
fect of non-forested land area in the precipitationshed on the CV of 
monthly precipitation for 10 of the 14 biomes. Seven of these signif-
icant biomes also had a significant buffering effect when considering 
precipitation originating from forest. This indicates that when a high 
fraction of precipitation originates from non-forest land cover, there 
is no buffering and variability of precipitation is high. This result fur-
ther supports our hypothesis, as short vegetation and bare soil have 
less access to deep groundwater than forests and, as a result, have 
higher variability in evapotranspiration (e.g. Jackson et al., 1996; 
O'Connor et al., 2019). As evapotranspiration variability increases, 
in turn, there is higher variability in precipitation. We found that 
when 50% of an area's precipitation originates from non-forest land, 
monthly precipitation variability increases by 69%. We also analyzed 
the fraction of precipitation originating from ocean. This is important 
as ocean is the largest contributor and the ultimate source of precipi-
tation globally (Gimeno et al., 2012). However, no clear relationship 
exists between the fraction of precipitation originating from ocean 
and the variability of monthly precipitation. Only six of the 14 bi-
omes had a significant negative correlation. Interestingly, the only 
tropical biome with a negative correlation was tropical dry broadleaf 
forests, which all occur close to the coast. All other tropical biomes, 
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including mangroves, had either non-significant, no or positively cor-
relations. These tropical biomes have some of the highest fractions 
of forest cover (Hansen et al., 2013) and were all found to have a 
negative correlation between the CV of monthly precipitation and 
the fraction of forest precipitation.

Our study is driven by climate reanalysis data between 2000 
and 2016. With the current structure of the model, we are unable to 
make accurate predictions of how the future climate may influence 
moisture recycling and whether the contribution from forests may 
change. Climate change is predicted to increase global temperatures 
and increase the occurrence and severity of climate extremes (both 
droughts and floods; Trenberth, 2011). These changes, combined 
with increasing atmospheric CO2 concentrations, may have several 
impacts on the hydrological system. Remote sensing has revealed 
a global greening of the Earth's surface as a result of rising CO2 
(Zhu et al., 2016). The increased vegetation may lead to increases 
in evapotranspiration. However, the rising CO2 reduces the density 
and diameter of leaf stomata, in turn, reducing transpiration rates 
(Lammertsma et al., 2011). The probable reduction in continental 
moisture recycling will increase the dependance of precipitation 
regimes on oceanic evaporation (Findell et al., 2019). While mois-
ture recycling may increase in wet regions (Zeng et al., 2018), dry 
areas may become drier or get longer dry seasons (Sherwood & Fu, 
2014; Trenberth, 2011). Warming may shift the current boundaries 
of biomes as species tolerances for changing temperatures reaches 
their limits (Gonzalez et al., 2010). The combined effect of tropical 
deforestation and climate change may trigger positive feedbacks 
that accelerate a breakdown of the moisture recycling system and 
release stored CO2 (Hoffmann et al., 2003; Lovejoy & Nobre, 2018). 
As the moisture recycling system includes cascades, deforestation 
impacts may result in repeated losses of precipitation as the cascade 
is broken (Staal et al., 2018; Zemp et al., 2017).

Previous studies have already shown that forest cover leads 
to a higher magnitude of moisture recycling (Jasechko et al., 2013; 
Spracklen et al., 2012, 2018). Our results show that forests are also 
important to buffer precipitation variability. The question remains 
whether afforestation could be used to decrease precipitation vari-
ability. Theoretically, high forest cover can increase precipitation 
over an area by drawing evaporated moisture in from the oceans 
(Sheil, 2014). To be effective, continuous forest is needed between 
the target sink and the coast (Makarieva & Gorshkov, 2007) to 
maintain the flow of water inland. In our analysis, we found some 
evidence of the relationship between forest cover at the precipi-
tation site and CV of precipitation (Figure 2; Figure S2). However, 
we believe that this effect is not driving the relationships that we 
identified between precipitation originating from forest and CV of 
precipitation. Our model presented in this paper could be applied 
to study a specific area's precipitationshed where dominant upwind 
areas are targeted for reforestation. However, these efforts will be 
strongly dependent on geographic location as not every area has a 
precipitationshed over land. Further, there are large differences be-
tween the proportion of land-to-ocean flows between the Northern 
and Southern Hemisphere. Large-scale circulatory patterns drive 

atmospheric transport and as a result will carry evaporated water 
from oceans over continents in some areas while drawing water 
from evapotranspiration toward the oceans in another. In addition, 
changes in land surface can have different effects on atmospheric 
circulation, which may influence atmospheric cycling (Makarieva 
et al., 2013; Vergopolan & Fisher, 2016). There has been a net in-
crease in global forest cover in recent decades, although the changes 
in forest cover vary geographically (Song et al., 2018). In temper-
ate and boreal forest regions, there has been a net gain, whereas, in 
the tropics, there has been a net loss (Song et al., 2018). As forest 
cover in temperate regions is increasing, we expect an increase in 
forest moisture recycling and more stable monthly precipitation in 
the temperate zone. The increase in forest cover is dispersed over a 
large area; therefore, the effect on precipitation variability may only 
be marginal for any given location. In addition, as we did not find a 
significant effect in boreal forests, it is not clear whether increases 
in forest cover will buffer monthly precipitation there. Ongoing for-
est cover loss is largely concentrated in the tropics (Hansen et al., 
2013), so we expect the largest increases in precipitation variability 
to occur in these regions. Indeed, deforestation in the Amazon has 
already been linked with a lengthening of the dry season (Butt et al., 
2011; Debortoli et al., 2017; Leite-Filho et al., 2019). More gener-
ally, our findings support an important role of forests in buffering 
precipitation downwind. The importance of these findings relates 
to the ability of moisture recycling to regulate the climate system, 
which can become unbalanced if this regulating ecosystem service is 
removed by, for instance, deforestation or replacement of forest by 
other vegetation. Furthermore, the importance of this mechanism is 
also relevant to maintain other processes, such as food production 
(Mu et al., 2021), and highlights the tight connections between for-
ests and other processes and ecosystem services. Thus, our results 
can be used to understand the coupled effects of cutting forests in 
one location on to “downwind” processes at regional and also global 
levels.
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