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Abstract. Changes in evaporation over land affect terrestrial precipitation via atmospheric moisture recycling and 

consequently freshwater availability. Although global moisture recycling at regional and continental scales are relatively well 

understood, the patterns and drivers of local moisture recycling remain unknown. For the first time, we calculate the local 

moisture recycling ratio (LMR), defined as the fraction of evaporated moisture that rains out within approximately 50 km from 10 

its source, and identify its drivers over land globally. We derive seasonal and annual LMR from multi-year (2008–2017) 

monthly averaged atmospheric moisture connections at a scale of 0.5° obtained from a Lagrangian atmospheric moisture 

tracking model. We find that, annually, on average 1.6% of evaporated moisture returns as rainfall locally, but with large 

temporal and spatial variability, where LMR peaks in summer and over wet and mountainous regions. We identify wetness, 

orography, latitude, and convective available potential energy as drivers of LMR, indicating a crucial role for convection. Our 15 

results can be used to study impacts of evaporation changes on local precipitation, with widespread implications for, for 

example, regreening and water management. 

1 Introduction 

Atmospheric moisture connections redistribute water from evaporation sources to sink locations, affecting climates globally, 

regionally, and locally. These connections are key in the global hydrological cycle and are used to understand the importance 20 

of terrestrial evaporation for water availability. More than half of terrestrial evaporated moisture rains out over land  (Van der 

Ent et al., 2010; Tuinenburg et al., 2020). However, it is unknown which fraction of moisture recycles within its source location, 

and how this recycling varies across the globe. The fraction of evaporated moisture that rains out locally is referred to as the 

local moisture recycling ratio. This information could be crucial in understanding the local hydrological effects of land-use 

changes. For example, previous studies showed afforestation causes a reduction in streamflow through an increase in 25 

evaporation (Brown et al., 2005; Jackson et al., 2005). However, regional recycling enhances precipitation, minimizing a 

reduction in water availability (Hoek van Dijke et al., 2022). The local recycling of evaporated moisture would give novel 

insights into local effects of land-use changes and deepen our knowledge on local water cycles globally, which may be used 

to study where afforestation could enhance evaporation without drastically decreasing streamflow locally. 

 30 
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The state-of-the-art high-resolution output of atmospheric moisture tracking models allows us to calculate the local evaporated 

moisture recycling ratio at 0.5° spatial resolution. Up until now, atmospheric moisture connections have been mainly used to 

study larger-scale terrestrial precipitation recycling and regional recycling (e.g. Van der Ent et al., 2010), the residence time 

of moisture in the atmosphere (e.g. Van der Ent & Tuinenburg, 2017), atmospheric teleconnections to understand remote land-

use impacts (e.g. Bagley et al., 2012; Keys et al., 2012; Wang-Erlandsson et al., 2018) and the impact of ecosystems on other 35 

ecosystems (e.g. O'Connor et al., 2021). In this article, we aim to quantify local evaporated moisture recycling, identify its 

drivers and it spatial-temporal variation across the globe. We refer to local evaporated moisture recycling as the local moisture 

recycling ratio (LMR). 

 

We study the relation between local moisture recycling and latitude, orography, precipitation, precipitation type, evaporation, 40 

shear, convective available potential energy, and atmospheric moisture flux. These variables relate to either convection, local 

wetness, or moisture transport away from the source location, which we identified as important factors for local moisture 

recycling.  

2 Methods 

We use global atmospheric moisture connections obtained from Tuinenburg et al., (2020) to calculate LMR worldwide. These 45 

moisture connections are multi-yearly (2008–2017) monthly averages and have a spatial resolution of 0.5°. These UTrack-

atmospheric-moisture data are derived using a Lagrangian atmospheric moisture tracking model by Tuinenburg & Staal (2020). 

In this model, for each grid cell of 0.25°, each mm of evaporation is represented by one hundred released moisture parcels. 

The wind transports these parcels horizontally and vertically through the atmosphere. Additionally, a probabilistic scheme 

describes the vertical movement of the moisture parcels over 25 atmospheric layers. In this scheme, the parcels are randomly 50 

distributed across the vertical moisture profile of each grid cell. At each time step (0.1 h), the moisture budget is made using 

evaporation, precipitation and total precipitable water. 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 UTrack consist of evaporation, precipitation, precipitable water, 

and wind speed obtained from the ERA5 dataset (Hersbach et al., 2020). We refer to Tuinenburg & Staal (2020) for a complete 

description of the model settings and the tests and assumptions underlying them. 55 

 

LMR is the fraction of evaporated moisture that rains out locally. To study the scale dependence of local moisture recycling, 

we examine three definitions of LMR (Fig. A1): the fraction of evaporated moisture that rains out in (1) its source grid cell, 

i.e., r1, (2) its source grid cell and its eight neighbouring grid cells, i.e., r9, and (3) its source grid cell and its 24 neighbouring 

grid cells, i.e., r25. Equations 1-3 describe the three definitions of LMR, in which E is evaporation, P is precipitation, and i,j 60 

the index of the source grid cell and l is used to define the domain i.e. 1, 9 or 25 cells. We calculated seasonal and yearly 

averages of LMR for our different analyses. 
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We study the relation between multiple variables and local moisture recycling to identify drivers of recycling. These drivers 

are variables that relate to atmospheric moisture and vertical displacement of air, as both higher atmospheric moisture content 

and ascending air promote rainfall. The variables that we assessed are: elevation (z), precipitation (P), evaporation (E), wetness 

(P-E), convective precipitation (cp), fraction of convective precipitation, large-scale precipitation (lsp), fraction of large-scale 70 

precipitation, latitude, vertical integral of the atmospheric moisture flux (northward, eastward and total), convective available 

potential energy (CAPE) and vertical wind shear between 650 and 750 hPa of both meridional and zonal wind. We calculate 

shear (𝜏) using Equation (4).  

𝜏 =  
𝑙𝑛

𝑣2
𝑣1

𝑙𝑛
𝑧2
𝑧1

             (4) 

In this equation v1 and v2 are the wind speed at two different heights (z1 and z2). We identified significant relations using 75 

Spearman rank correlations. Additionally, we used the Ecoregions 2017 data (https://ecoregions.appspot.com/) to study the 

spatially averaged local moisture recycling of 14 biomes across the globe (Fig. A2). We study variation amongst biomes, as 

biomes include information both biotic and abiotic factors such as climate.  

3 Results 

We find differences across the globe for the three different definitions of local moisture recycling (r1, r9 and r25) (Fig. 1). For 80 

r1, we find maxima over the oceans in areas where precipitation is relatively low, unlike evaporation (Fig. A3), which results 

in relatively high recycling ratios (Fig. 1). However, for r9 and r25 we find maxima over land suggesting recycling over nine 

and 25 grid cells better captures relatively large moisture transport over the oceans than recycling over one grid cell does. 

Furthermore, for r1, we find low values over elevated areas (e.g., the Andes mountains) compared to r9 and r25, which show 

maxima over elevated regions. Hence, there is no clear relation between r1 and either r9 or r25. These results seem to indicate 85 

that the tracking method we use is not sufficient to define recycling within one grid cell. Finally, scaling recycling to the 

number of grid cells, we find r9 and r25 do not relate linearly. For lower recycling, r9 exceeds r25 and for higher recycling, r25 

exceeds r9 (Fig. 1 and Fig. A4). In the following, we define local moisture recycling (LMR) as r9 to keep the spatial scale as 

small as possible but to still have a spatial pattern that we can explain physically. 
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 90 

Figure 1. Multi-year (2008–2017) average of three definitions of the local moisture recycling ratio (LMR). The top panel indicates 

the fraction of evaporated moisture that rains out within its source grid cell (r1), the middle panel shows the fraction of evaporated 

moisture that rains out within its source grid cell and its 8 neighbouring grid cells (r9), and the lower panel shows the fraction of 

evaporated moisture that rains out within its source grid cell and its 24 neighbouring grid cells (r25).  

Annually, on average about 1.6% of terrestrial evaporated moisture recycles locally. LMR shows spatio-temporal variation 95 

(Fig. 2) with peaks over elevated (e.g., the Atlas Mountains and Ethiopian Highlands) and wet areas (e.g., Congo Basin and 

Southeast Asia) and minima over arid regions (e.g., Australia and the Sahara Desert). Additionally, we find peaks in LMR 

during summer (i.e., during DJF for the Southern Hemisphere and during JJA for the Northern Hemisphere). This seasonality 

is especially strong over mountainous and wet areas. For the mid-latitudes, especially the Mediterranean Basin shows 
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seasonality with peaks in summer (JJA). Seasonality is largest at low latitudes. Within the tropics we find some spatial 100 

differences. First, LMR in the Congo Basin and Southeast Asia exceed LMR in the Amazon Basin. Second, recycling in the 

Congo Basin and Southeast Asia peaks in JJA and recycling in the Amazon Basin peaks in DJF, which is a wet season for a 

large part of the Amazon. 

 

Figure 2. Multi-year (2008–2017), seasonal averages of local moisture recycling across the global land surface. Here, local moisture 105 
recycling is defined as the fraction of evaporated moisture that rains out in its source grid cell and its eight neighbouring grid cells 

(r9). Different seasons are DJF: December–February, MAM: March–May, JJA: June–August, and SON: September–November.  

We find a statistically significant (p < 0.01) rank correlation between LMR and orography (weak), precipitation (tP, cp, lsp), 

evaporation, E-P, some latitude ranges, and CAPE (weak) (Table 1). All other tested variables show no clear rank correlation 

with LMR (Table 1). The correlation coefficient for orography indicates a weak correlation. However, for high elevation LMR 110 

is always relatively high (Fig. 2 and Fig. A5). Both convective and large-scale precipitation correlate with LMR (Table 1), 

however neither the fraction of convective precipitation nor the fraction of large-scale precipitation correlates with LMR (Table 

1). Furthermore, evaporation correlates positively with LMR (Table 1, Fig. 3) indicating that the strong relation between P 

and LMR is not the only factor that causes a correlation between wetness and LMR. Surprisingly, the atmospheric moisture 

flux does not correlate with LMR (Table 1 and Fig. A5). The relation between latitude and LMR oscillates. The highest peak 115 

occurs over the equator and there is a peak around 60° north and valleys around 30° north and south (Fig. 3). Orography seems 

to disrupt the relation between latitude and LMR, resulting in peaks in LMR around 35° north and 20° south. Finally, the 

energy driving convection, e.g., convective available potential energy, weakly correlates to LMR. However, high CAPE clearly 

relates to LMR, as the skewed profile in the scatter density plot indicates that only a small amount of the grid cells with a 

relatively high CAPE have a low LMR (Fig. 3).  120 
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Figure 3: Scatter plots of multi-year (2008–2017) annual averages of local moisture recycling over land and precipitation (top left), 

evaporation (top right), convective available potential energy (CAPE) (bottom left), and latitude (bottom right). For the latter the 

colour scale indicates elevation, with blue being low elevation and yellow being high elevation, and a black line is plotted to show the 

zonal average of local moisture recycling over land at 0.5° resolution. Each scatter represents one grid cell.  125 
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Table 1. Spearman rank correlation coefficients between LMR and all tested variables. All coefficients are significant (p<0.01). 

Variable Correlation coefficient 

Precipitation 0.63 

Evaporation 0.38 

Wetness (P-E) 0.57 

Convective precipitation 0.51 

Fraction of convective precipitation -0.07 

Large scale precipitation 0.55 

Fraction of large scale precipitation 0.07 

Latitude 0.04 

-60°:-30° 

-30°:0° 

0°:30° 

30°:60° 

60°:90° 

-0.12 

0.53 

-0.49 

0.09 

-0.55 

Eastward moisture flux -0.12 

Northward moisture flux 0.20 

Total moisture flux 0.07 

CAPE 0.28 

Zonal shear -0.12 

Meridional shear -0.02 

Orography 0.30 

4 Discussion 

Moisture recycling affects humanity by influencing water security, agriculture, forestry, regional climate stability and earth 

system resilience (Keys et al., 2019; Wang-Erlandsson et al., 2022). Different types of moisture recycling were subject to 130 

research used for different applications (e.g., Bagley et al., 2012; Pranindita et al., 2022; Van der Ent et al., 2010), but for the 

first time, we analysed local moisture recycling ratio (LMR) and its drivers across the globe. We find that LMR, defined as 

the fraction of evaporated moisture that rains out within approximately 50 km of its source location, varies over time and space, 

peaking in summer and over elevated and wet regions. First, we identified latitude, elevation, and Convective Available 

Potential Energy (CAPE) as important drivers of LMR (Fig. 4). These variables all promote convection (Roe, 2005; Scheff & 135 
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Frierson, 2012; Wallace & Hobbs, 2006), strongly suggesting a dependence of LMR on convection. The pattern of LMR across 

latitudes also coincides with updraft and downdraft of air caused by the Hadley cell circulation (Wallace & Hobbs, 2006). 

Around the equator and 60° north and south, air ascends, and we find a high LMR. Additionally, air descends around 30° north 

and south, where we find low LMR. Deviations from this pattern correspond to higher elevations promoting LMR through 

orographic lift. Overall, our results suggest a positive relation between convection and LMR.  140 

 

Figure 4. Conceptual model of the most important drivers of local moisture recycling around the globe. Rainy clouds indicate 

variables that increase LMR and clouds without raindrops indicate variables that decrease LMR. Blue indicates wet regions, yellow 

indicates arid regions. 

Second, we find that wetness is an important driver of LMR as LMR significantly correlates with precipitation (P) and P-E 145 

(precipitation minus evaporation). Furthermore, both large-scale and convective precipitation significantly correlate with 

LMR. This is surprising, as convection promotes precipitation locally; therefore, we expected a stronger correlation between 

LMR and convective precipitation than between LMR and large-scale precipitation. This suggests that the type of precipitation 

does not affect LMR. Although convection is a local-scale process (i.e., spatial scale of 100 km) (Miyamoto et al., 2013), 

remotely evaporated moisture can be transported to a region with high convective activity and then rains out as convective 150 

precipitation. In that way, the precipitation type is independent of the distance between moisture source and target location and 

therefore does not relate to LMR. However, unexpectedly we do not identify a relation between the vertical integral of the 

atmospheric moisture flux and LMR. Overall, we find that wetness enhances LMR independent of the precipitation type. 

 

To zoom in on the importance of each of the different drivers of LMR for various areas across the globe, we determined LMR 155 

for the major global biomes (Fig. A6). LMR is highest for the wet tropics and montane grassland and lowest for desert-like 

biomes in both the Northern and Southern Hemisphere, confirming the importance of wetness, orography, and latitude. 

However, differences between both hemispheres indicate some drivers are more robust than other ones for some biomes. In 
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the Mediterranean biomes, located between 30–40° north and south, air descends due to the Hadley cell circulation. As a result, 

these biomes are expected to have low LMR. Although we find a low LMR for the Mediterranean biomes in the Southern 160 

Hemisphere, we find a relatively high LMR for the Mediterranean biomes in the Northern Hemisphere. This is a surprising 

result, which does not overlap with the different Mediterranean climate subclasses (i.e., hot-summer Mediterranean climate 

and warm-summer Mediterranean climate)(Peel et al., 2007). More research is needed to understand this difference better.  

Although LMR is the highest in the wet tropics, we find different results among the various tropical regions (Amazon Basin, 

Congo Basin & Southeast Asia). LMR in the Congo Basin exceeds LMR in the Amazon Basin (Fig. 2), despite larger amounts 165 

of rainfall in the Amazon Basin (Hersbach et al., 2020). In the tropics, current deforestation results in drying (Bagley et al., 

2014; Staal et al., 2020), reducing evaporation. For the Amazon Basin, drought is related to higher deforestation rates (Staal 

et al., 2020). As LMR in the Congo Basin exceeds LMR in the Amazon Basin, deforestation has a relatively large impact on 

local precipitation in the Congo Basin, suggesting a higher impact on droughts and deforestation locally. The latter is true 

when assuming drought also enhances deforestation in the Congo Basin. Unlike LMR, basin recycling is similar for both basins 170 

(Tuinenburg et al., 2020). Thus, the impact of deforestation on precipitation in the entire basin is similar for both basins, 

indicating both basins would experience similar overall drying. However, drought conditions can also enhance recycling ratios 

(Bagley et al., 2014), thus promoting LMR. Further research is necessary to understand the impact of deforestation on LMR 

in the tropics.  

 175 

Besides atmospheric moisture tracking (e.g., Bagley et al., 2014; Keys et al., 2014;Van der Ent et al., 2010), previous studies 

used different methods to calculate regional moisture recycling for a specific area, such as isotope measurements (e.g., An et 

al., 2017) and recycling models (e.g., Burde & Zangvil, 2001). The most common recycling models are modifications of 

Budyko's model (Budyko, 1974; G. I. Burde & Zangvil, 2001), which are 1D or 2D analytical models. These models assume 

that the atmosphere is completely mixed, meaning that evaporated water directly mixes perfectly with advected water 180 

throughout the entire water column. Because of this assumption, first, these models overlook fast recycling, which describes 

local showers that yield rain before the evaporated water is fully mixed. Second, these models ignore the influence of vertical 

shear, which causes a significant error (Dominguez et al., 2020). Excluding fast recycling causes models to underestimate 

terrestrial moisture recycling for some regions (e.g., Amazon Basin) (Burde et al., 2006b). To obtain LMR, evaporated 

moisture is tracked through the atmosphere with a Lagrangian model in three spatial dimensions. Our method minimizes the 185 

errors due to fast recycling and vertical shear because of two model aspects. First, at each time step, each parcel has a small 

chance of getting mixed, causing each parcel to move approximately once in the vertical direction every 24 hours, besides the 

displacement caused by vertical wind. As parcels are released from the surface, this process minimizes complete mixing and 

reduces the error due to shear and fast recycling. Second, the error due to fast recycling also becomes smaller because lower 

atmospheric levels contribute more to the total precipitation than higher levels due to the skewed vertical moisture profile. 190 

Despite the error reduction, the representation of fast recycling in UTrack should be studied in more detail, as fast recycling is 

expected to influence LMR significantly.  
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Regardless of the importance of vertical shear in atmospheric moisture tracking models (Van der Ent et al., 2013) we do not 

find a clear correlation between local moisture recycling and vertical shear between 750 and 650 hPa. Shear is the friction 195 

between air layers that minimizes complete mixing, which for some regions around the world, is strongest between 650 and 

750 hPa (Dominguez et al., 2016). A possible explanation is that due to its small spatial scale the temporal scale of LMR is 

also small, which causes the air not to reach 700 hPa within the spatial scale of LMR. Furthermore, it is possible that our study 

design is insufficient to capture the relation between LMR and shear throughout the year over the globe. We aim for a general 

analysis to identify the main drivers of LMR. A more detailed study that distinguishes seasons and different climate zones is 200 

necessary to identify more drivers. 

 

The spatial patterns of LMR, obtained in our study, resemble the spatial patterns of the regional recycling ratio (LMR is smaller 

than regional recycling) obtained by  Van der Ent & Savenije (2011), who estimated average regional recycling ratios within 

a 1.5° grid cells globally between 1999 and 2008, using a Eulerian moisture tracking model. Due to different model set-up and 205 

grid cell sizes, differences in the magnitude of recycling are expected; hence, here we only look at the qualitative patterns. The 

spatial pattern of LMR shows some overlap with global agricultural water management (Salmon et al., 2015). Generally, the 

tropics have a high LMR and mainly rainfed agriculture (Salmon et al., 2015), indicating these agricultural regions are self-

dependent concerning rainfall to some extent. Also, agriculture in the Mediterranean Basin and South Australia is mainly 

rainfed. For semi-arid regions dependent on rainfed agriculture, changes in precipitation might have a significant impact (Keys 210 

et al., 2016). LMR in the Mediterranean basin exceeds LMR in Southern Australia, indicating that a larger fraction of 

evaporated moisture returns locally. Thus, when evaporation is maintained in the Mediterranean Basin, part of the precipitation 

will sustain here, which holds to a lesser extent for Southern Australia. Besides LMR (i.e., local evaporation recycling), local 

precipitation recycling can help to fully understand the precipitation dependence on local evaporation for each region. Irrigated 

agriculture is important in India and China (Salmon et al., 2015), which are regions with a relatively low LMR, indicating that 215 

only a small amount of the evaporated moisture returns as rainfall locally. For irrigated agriculture in regions that are 

characterized by a high LMR, a relatively large amount of the evaporated water returns to its source, which reduces the amount 

of water that is necessary for irrigation. Terrestrial evaporation is an important source for precipitation and freshwater 

availability (Keune & Miralles, 2019). Therefore, spatial planning using LMR might improve agricultural water management.  

 220 

Global climate change likely affects atmospheric moisture connections due to changes in atmospheric dynamics. For example, 

due to global warming, tropical atmospheric circulation may weaken (Vecchi et al., 2006), and the Hadley cells may move 

poleward (Shaw, 2019), which will affect the updraft and downdraft of air around the globe, which we found to be an important 

driver of LMR. Furthermore, climate change has different opposing impacts on storm tracks which have an important role in 

moisture transport by transporting latent heat poleward (Shaw et al., 2016). However, our study does not account for any 225 
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impacts of climate change. As our results indicate that wetness and convection enhance LMR, LMR will likely change due to, 

for example, drying and wetting of regions, changes in Hadley cell circulation, and circulation in the tropics.  

 

Furthermore, climate change enhances the risk of droughts (Rasmijn et al., 2018; Teuling, 2018) and LMR might be used to 

study drought resilience globally. Drought can result in arid-like conditions, which may lead to a decrease in LMR (Fig. 4). 230 

High LMR means that the local water cycle is relatively strong; therefore, a drought in a remote location is expected to have a 

small impact locally. However, a local drought might drastically impact the local water cycle.  

 

We expect that the novel concept of LMR can be helpful in various ways, but specifically it can be used to study how changes 

in evaporation because of for example afforestation, affect the local water cycle beyond merely a loss of moisture. Thus, LMR 235 

can help us better predict the impact of land cover changes on the local water cycle. It might help us identify regions where 

reforestation does not cause local drying due to enhanced evaporation (Dijke et al., 2022; Tuinenburg et al., 2022). Overall, 

LMR gives us better insight into the atmospheric part of the local water cycle and can be used to contemplate terrestrial 

evaporation as a source for local freshwater availability. 

5 Conclusions 240 

We calculated the local moisture recycling ratio (LMR) from atmospheric moisture connections at a spatial scale of 0.5°. LMR 

is the fraction of evaporated moisture that rains out within approximately 50 km of its source location. On average, 1.6% of 

global terrestrial evaporation returns as rainfall locally, with peaks of approximately 6%. LMR peaks in summer and in wet 

and elevated regions. We identify orography, precipitation, wetness, latitude, and convective available potential energy as 

main drivers of LMR. LMR determines the local impacts of enhanced evaporation on precipitation and thus its role as a source 245 

for local freshwater availability. Therefore, LMR can be used to evaluate which locations may be suitable for regreening 

without largely disrupting the local water cycle.  
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Appendix A 

 

Figure A1. Three definitions of the local moisture recycling ratio (LMR) from left to right: r1 describes the fraction of evaporated 250 
moisture that returns as precipitation in its source grid cell, r9 describes the fraction of evaporated moisture that returns as 

precipitation in its source grid cell and 8 neighbouring grid cells, and r25 describes the fraction of evaporated moisture that returns 

as precipitation in its source grid cell and 24 neighbouring grid cells. LMR is calculated on a spatial scale of 0.5° and the first three 

plots do not have a similar resolution. The plot on the right shows LMR on a spatial scale of 0.5° which is the resolution at which we 

calculate all definitions (r1, r9 and r25). 255 
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Figure A2. Major global biomes Ecoregions 2017 (https://ecoregions.appspot.com/).  
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Figure A3. Global multi-year (2008–2017) averaged maps of (from top to bottom and left to right) precipitation, evaporation, 260 
precipitation – evaporation, convective precipitation, large-scale precipitation, fraction of convective precipitation, vertical integral 

of moisture flux in eastward direction, vertical integral of moisture flux in northward direction, CAPE, orography, vertical shear 

(between 650 and 750 hPa) of zonal wind, and vertical shear (between 650 and 750 hPa) of meridional wind.   

https://doi.org/10.5194/egusphere-2022-612
Preprint. Discussion started: 17 August 2022
c© Author(s) 2022. CC BY 4.0 License.



15 

 

 

 265 

Figure A4. Comparison of three definitions of the local moisture recycling ratio (LMR) that are each scaled to its number of grid 

cells. Left r1 vs r9 and right r9 vs r25. Gray and black scatters indicate grid cells over the ocean and land respectively. The blue line 

indicates x=y.  
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 270 

Figure A5. Scatter plots of the multi-year (2008–2017) averaged terrestrial local moisture recycling ratio and (from top to bottom 

and left to right) precipitation – evaporation, convective precipitation, large-scale precipitation, fraction of convective precipitation, 

vertical integral of moisture flux in eastward direction, vertical integral of moisture flux in northward direction, orography, vertical 

shear (between 650 and 750 hPa) of zonal wind, and vertical shear (between 650 and 750 hPa) of meridional wind. Each scatter 

represents one grid cell. 275 
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Figure A6. Time series of the local moisture recycling ratio for global biomes on the Northern (left) and Southern (right) 

Hemispheres. The values are multi-year (2008–2017) averages.  

Code availability 

The code that was used to calculate the local moisture recycling ratio and for the analyses is available from the corresponding 280 

author upon reasonable request. 

Data availability 

The atmospheric moisture connections (Tuinenburg et al., 2020) are available from the PANGAEA archive at 0.5 and 1.0 

degrees resolution (https://doi.pangaea.de/10.1594/PANGAEA.912710). 

Author contributions 285 

JT designed the study with contributions from all authors. JT carried out the research. JT wrote the first draft of the manuscript 

in close collaboration with AS. All authors contributed to the discussion and the final version of the manuscript. 

Acknowledgements 

This work was performed in the cooperation framework of Wetsus, European Centre of Excellence for Sustainable Water 

Technology (www.wetsus.eu). Wetsus is co-funded by the Dutch Ministry of Economic Affairs and Climate Policy, the 290 

Northern Netherlands Provinces the Province of Fryslân. The authors would like to thank the participants of the natural water 

production theme for the fruitful discussions and financial support. Arie Staal acknowledges support from the Talent 

https://doi.org/10.5194/egusphere-2022-612
Preprint. Discussion started: 17 August 2022
c© Author(s) 2022. CC BY 4.0 License.



18 

 

Programme grant VI.Veni.202.170 by the Dutch Research Council (NWO). Obbe A. Tuinenburg acknowledges support from 

the research programme In\novational Research Incentives Scheme Veni (016.veni.171.019), funded by the Dutch Research 

Council. 295 

References 

An, W., Hou, S., Zhang, Q., Zhang, W., Wu, S., Xu, H., … Liu, Y. (2017). Enhanced recent local moisture recycling on the 

northwestern Tibetan Plateau deduced from ice core deuterium excess records. J. Geophys. Res.-Atmos., 122(23), 

12,541-12,556. https://doi.org/10.1002/2017JD027235 

Bagley, J. E., Desai, A. R., Dirmeyer, P. A., & Foley, J. A. (2012). Effects of land cover change on moisture availability and 300 

potential crop yield in the worlds breadbaskets. Environ. Res. Lett., 7, 014009. https://doi.org/10.1088/1748-

9326/7/1/014009 

Bagley, J. E., Desai, A. R., Harding, K. J., Snyder, P. K., & Foley, J. A. (2014). Drought and deforestation: Has land cover 

change influenced recent precipitation extremes in the Amazon? J. Climate, 27(1), 345–361. 

https://doi.org/10.1175/JCLI-D-12-00369.1 305 

Brown, A. E., Zhang, L., McMahon, T. A., Western, A. W., & Vertessy, R. A. (2005). A review of paired catchment studies 

for determining changes in water yield resulting from alterations in vegetation. J. Hydrol., 310(1–4), 28–61. 

https://doi.org/10.1016/j.jhydrol.2004.12.010 

Budyko, M. I. (1974). Climate and Life. Academic Press. 

Burde, G. I., & Zangvil, A. (2001). The estimation of regional precipitation recycling. Part I: Review of recycling models. J. 310 

Climate, 14(12), 2509–2527. https://doi.org/10.1175/1520-0442 

Burde, Georgy I. (2006). Bulk recycling models with incomplete vertical mixing. Part II: Precipitation recycling in the Amazon 

Basin. J. Climate, 19(8), 1461–1472. https://doi.org/10.1175/JCLI3687.1 

Dijke, A. J. H. Van, Herold, M., Mallick, K., Benedict, I., Machwitz, M., Schlerf, M., … Teuling, A. J. (2022). Shifts in 

regional water availability due to global tree restoration. Nat. Geosci., 15, 363–368. https://doi.org/10.1038/s41561-022-315 

00935-0 

Dominguez, F., Hu, H., & Martinez, J. A. (2020). Two-Layer Dynamic Recycling Model (2L-DRM): Learning from moisture 

tracking models of different complexity. J. Hydrometeorol., 21(1), 3–16. https://doi.org/10.1175/jhm-d-19-0101.1 

Dominguez, Francina, Miguez-Macho, G., & Hu, H. (2016). WRF with water vapor tracers: A study of moisture sources for 

the North American Monsoon. J. Hydrometeorol., 17(7), 1915–1927. https://doi.org/10.1175/JHM-D-15-0221.1 320 

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horányi, A., Muñoz-Sabater, J., … Thépaut, J. N. (2020). The ERA5 global 

reanalysis. Q. J. Roy. Meteor. Soc., 146(730), 1999–2049. https://doi.org/10.1002/qj.3803 

Jackson, R. B., Jobbágy, E. G., Avissar, R., Roy, S. B., Barrett, D. J., Cook, C. W., … Murray, B. C. (2005). Atmospheric 

science: Trading water for carbon with biological carbon sequestration. Science, 310(5756), 1944–1947. 

https://doi.org/10.5194/egusphere-2022-612
Preprint. Discussion started: 17 August 2022
c© Author(s) 2022. CC BY 4.0 License.



19 

 

https://doi.org/10.1126/science.1119282 325 

Keune, J., & Miralles, D. G. (2019). A precipitation recycling network to assess freshwater vulnerability: Challenging the 

watershed convention. Water Resour. Res., 55(11), 9947–9961. https://doi.org/10.1029/2019WR025310 

Keys, P. W., Barnes, E. A., van der Ent, R. J., & Gordon, L. J. (2014). Variability of moisture recycling using a 

precipitationshed framework. Hydrol. Earth Syst. Sc., 18(10), 3937–3950. https://doi.org/10.5194/hess-18-3937-2014 

Keys, P. W., Van Der Ent, R. J., Gordon, L. J., Hoff, H., Nikoli, R., & Savenije, H. H. G. (2012). Analyzing precipitationsheds 330 

to understand the vulnerability of rainfall dependent regions. Biogeosciences, 9(2), 733–746. https://doi.org/10.5194/bg-

9-733-2012 

Keys, Patrick W., Porkka, M., Wang-Erlandsson, L., Fetzer, I., Gleeson, T., & Gordon, L. J. (2019). Invisible water security: 

Moisture recycling and water resilience. Water Security, 8, 100046. https://doi.org/10.1016/j.wasec.2019.100046 

Keys, Patrick W., Wang-Erlandsson, L., & Gordon, L. J. (2016). Revealing invisible Water: Moisture recycling as an 335 

ecosystem service. PLoS ONE, 11(3), e0151993. https://doi.org/10.1371/journal.pone.0151993 

O’Connor, J. C., Dekker, S. C., Staal, A., Tuinenburg, O. A., Rebel, K. T., & Santos, M. J. (2021). Forests buffer against 

variations in precipitation. Glob. Change Biol., 27(19), 4686–4696. https://doi.org/10.1111/gcb.15763 

Peel, M. C., Finlayson, B. L., & McMahon, T. A. (2007). Updated world map of the Köppen-Geiger climate classification. 

Hydrol. Earth Syst. Sc., 11(5), 1633–1644. https://doi.org/10.5194/hess-11-1633-2007 340 

Pranindita, A., Wang-Erlandsson, L., Fetzer, I., & Teuling, A. J. (2022). Moisture recycling and the potential role of forests as 

moisture source during European heatwaves. Clim. Dynam., 58(1–2), 609–624. https://doi.org/10.1007/s00382-021-

05921-7 

Rasmijn, L. M., Van Der Schrier, G., Bintanja, R., Barkmeijer, J., Sterl, A., & Hazeleger, W. (2018). Future equivalent of 

2010 Russian heatwave intensified by weakening soil moisture constraints. Nat. Clim. Change, 8(5), 381–385. 345 

https://doi.org/10.1038/s41558-018-0114-0 

Roe, G. H. (2005). Orographic precipitation. Annu. Rev. Earth. Pl. Sc., 33, 645–671. 

https://doi.org/10.1146/annurev.earth.33.092203.122541 

Salmon, J. M., Friedl, M. A., Frolking, S., Wisser, D., & Douglas, E. M. (2015). Global rain-fed, irrigated, and paddy 

croplands: A new high resolution map derived from remote sensing, crop inventories and climate data. Int. J Appl. Earth. 350 

Obs., 38, 321–334. https://doi.org/10.1016/j.jag.2015.01.014 

Scheff, J., & Frierson, D. (2012). Twenty-First-Century multimodel subtropical precipitation declines are mostly midlatitude 

shifts. J. Climate, 25(12), 4330–4347. https://doi.org/10.1175/JCLI-D-11-00393.1 

Shaw, Tiffany A. (2019). Mechanisms of future predicted changes in the zonal mean mid-latitude circulation. Current Climate 

Change Reports, 5(4), 345–357. https://doi.org/10.1007/s40641-019-00145-8 355 

Shaw, T. A., Baldwin, M., Barnes, E. A., Caballero, R., Garfinkel, C. I., Hwang, Y. T., … Voigt, A. (2016). Storm track 

processes and the opposing influences of climate change. Nat. Geosci., 9(9), 656–664. https://doi.org/10.1038/ngeo2783 

Staal, A., Flores, B. M., Aguiar, A. P. D., Bosmans, J. H. C., Fetzer, I., & Tuinenburg, O. A. (2020). Feedback between drought 

https://doi.org/10.5194/egusphere-2022-612
Preprint. Discussion started: 17 August 2022
c© Author(s) 2022. CC BY 4.0 License.



20 

 

and deforestation in the Amazon. Environ. Res. Lett., 15(4), 44024. https://doi.org/10.1088/1748-9326/ab738e 

Teuling, A. J. (2018). A hot future for European droughts. Nat. Clim. Change, 8(5), 364–365. https://doi.org/10.1038/s41558-360 

018-0154-5 

Tuinenburg, O. A., Bosmans, J. H. C., & Staal, A. (2022). The global potential of forest restoration for drought mitigation. 

Environ. Res. Lett., 17(3). https://doi.org/10.1088/1748-9326/ac55b8 

Tuinenburg, O. A., & Staal, A. (2020). Tracking the global flows of atmospheric moisture and associated uncertainties. Hydrol. 

Earth Syst. Sc., 24(5), 2419–2435. https://doi.org/10.5194/hess-24-2419-2020 365 

Tuinenburg, O. A., Theeuwen, J. J. E., & Staal, A. (2020). High-resolution global atmospheric moisture connections from 

evaporation to precipitation. Earth Syst. Sci. Data, 12(4), 3177–3188. https://doi.org/10.5194/essd-12-3177-2020 

Van Der Ent, R. J., & Savenije, H. H. G. (2011). Length and time scales of atmospheric moisture recycling. Atmos. Chem. 

Phys., 11(5), 1853–1863. https://doi.org/10.5194/acp-11-1853-2011 

Van Der Ent, R. J., Tuinenburg, O. A., Knoche, H. R., Kunstmann, H., & Savenije, H. H. G. (2013). Should we use a simple 370 

or complex model for moisture recycling and atmospheric moisture tracking? Hydrol. Earth Syst. Sc., 17(12), 4869–

4884. https://doi.org/10.5194/hess-17-4869-2013 

Van der Ent, Rudi J., Savenije, H. H. G., Schaefli, B., & Steele-Dunne, S. C. (2010). Origin and fate of atmospheric moisture 

over continents. Water Resour. Res., 46(9), W09525. https://doi.org/10.1029/2010WR009127 

Van Der Ent, Ruud J., & Tuinenburg, O. A. (2017). The residence time of water in the atmosphere revisited. Hydrology and 375 

Earth System Sciences, 21(2), 779–790. https://doi.org/10.5194/hess-21-779-2017 

Vecchi, G. A., Soden, B. J., Wittenberg, A. T., Held, I. M., Leetmaa, A., & Harrison, M. J. (2006). Weakening of tropical 

Pacific atmospheric circulation due to anthropogenic forcing. Nature, 441(1), 73–76. 

https://doi.org/10.1038/nature04744 

Wallace, J. M., & Hobbs, P. V. (2006). Atmospheric science: an introductory survey (2nd ed.). Elsevier. 380 

Wang-Erlandsson, L., Fetzer, I., Keys, P. W., van der Ent, R. J., Savenije, H. H. G., & Gordon, L. J. (2018). Remote land use 

impacts on river flows through atmospheric teleconnections. Hydrol. Earth Syst. Sc., 22(8), 4311–4328. 

https://doi.org/10.5194/hess-22-4311-2018 

Wang-Erlandsson, L., Tobian, A., van der Ent, R. J., Fetzer, I., te Wierik, S., Porkka, M., … Rockström, J. (2022). A planetary 

boundary for green water. Nature Reviews Earth and Environment, 3, 380–392. https://doi.org/10.1038/s43017-022-385 

00287-8 

 

https://doi.org/10.5194/egusphere-2022-612
Preprint. Discussion started: 17 August 2022
c© Author(s) 2022. CC BY 4.0 License.


