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Abstract. A key Earth system process is the circulation of evaporated moisture through the atmosphere. Spatial
connections between evaporation and precipitation affect the global and regional climates by redistributing water
and latent heat. Through this atmospheric moisture recycling, land cover changes influence regional precipitation
patterns, with potentially far-reaching effects on human livelihoods and biome distributions across the globe.
However, a globally complete dataset of atmospheric moisture flows from evaporation to precipitation has been
lacking so far. Here we present a dataset of global atmospheric moisture recycling on both 0.5° and 1.0° spatial
resolution. We simulated the moisture flows between each pair of cells across all land and oceans for 2008-2017
and present their monthly climatological means. We applied the Lagrangian moisture tracking model UTrack,
which is forced with ERAS5 reanalysis data on 25 atmospheric layers and hourly wind speeds and directions. Due
to the global coverage of the simulations, a complete picture of both the upwind source areas of precipitation
and downwind target areas of evaporation can be obtained. We show a number of statistics of global atmospheric
moisture flows: land recycling, basin recycling, mean latitudinal and longitudinal flows, absolute latitudinal
and longitudinal flows, and basin recycling for the 26 largest river basins. We find that, on average, 70 % of
global land evaporation rains down over land, varying between 62 % and 74 % across the year; 51 % of global
land precipitation has evaporated from land, varying between 36 % and 57 % across the year. The highest basin
recycling occurs in the Amazon and Congo basins, with evaporation and precipitation recycling of 63 % and 36 %
for the Amazon basin and 60 % and 47 % for the Congo basin. These statistics are examples of the potential usage
of the dataset, which allows users to identify and quantify the moisture flows from and to any area on Earth, from
local to global scales. The dataset is available at https://doi.org/10.1594/PANGAEA.912710 (Tuinenburg et al.,
2020).

Dirmeyer, 2019), although the regional orography can influ-

Atmospheric moisture flows from evaporation to precipita-
tion are a fundamental component of the hydrological cy-
cle on Earth (Brubaker et al., 1993; Savenije, 1996; Van der
Ent et al., 2010). It is estimated that 36 % of global rainfall
over land evaporated from land (Van der Ent et al., 2014) and
that most evaporation is transported for several hundreds to
thousands of kilometers before precipitating (Dirmeyer and
Brubaker, 2007; Van der Ent and Savenije, 2011; Wei and
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ence this significantly (Tuinenburg et al., 2012). This means
that land cover changes that affect evaporation have regional
consequences. Indeed, it is increasingly recognized that an-
thropogenic land use changes affect atmospheric moisture
flows and our dependencies on them (Keys et al., 2016, 2019;
Wang-Erlandsson et al., 2018; Staal et al., 2020). However,
the remote effects of evaporation changes on precipitation
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patterns are not fully understood, partly due to limited sys-
tematic documentation of atmospheric connections.

Often, studies on the atmospheric component of Earth’s
hydrological cycle use moisture tracking models based on
atmospheric reanalysis data to simulate the flows of mois-
ture (Dirmeyer et al., 2009; Gimeno et al., 2010; Van der
Ent and Savenije, 2011; Tuinenburg et al., 2012). The recent
development of the ERAS reanalysis data (Copernicus Cli-
mate Change Service, C3S) allows for unprecedented high-
resolution estimates of moisture flows between any pair of
areas across the globe. However, the required data input for
high-quality moisture flow simulations with ERAS can be
high (Tuinenburg and Staal, 2020), which may preclude wide
application of these simulations. A readily usable and com-
prehensive global-scale dataset of pairwise links of atmo-
spheric moisture connections could satisfy much of the de-
mand, but it has been lacking until now. Here we present such
a global-scale dataset of moisture flows between all pairs of
land and ocean surface at 0.5° and at 1.0° spatial resolu-
tion. Its resolution of 0.5° means that the dataset divides the
Earth into 259200 grid cells with moisture flows between
each pair of them, while the one at 1.0° resolution has 64 800
cells. Together, the flows from any evaporation source cell to
all its target (precipitation) cells represent the “footprint” of
the source cell. This dataset consists of monthly multi-annual
mean footprints for 2008-2017.

The dataset was generated with “UTrack-atmospheric-
moisture”, hereafter “UTrack”, which is a Lagrangian
(trajectory-based) moisture tracking model developed by
Tuinenburg and Staal (2020). In the simulations, large num-
bers of moisture particles were released at random locations
and heights within each cell, after which their locations were
tracked based on the reanalysis data for wind speed and di-
rection. Thus, whereas the presented output is grid-based, the
simulations behind them are not. The UTrack model behind
this dataset resulted from an elaborate sensitivity analysis to
test the effects of a range of assumptions and uncertainties
on the accuracy of moisture tracking simulations and hydro-
logically relevant statistics (Tuinenburg and Staal, 2020).

Our dataset is the first to present global moisture flows
across the globe, including both land and ocean. Although
the simulations were carried out using “forward tracking”
from evaporation to precipitation, it implicitly includes the
backward trajectories of moisture flows. Because our dataset
offers a complete picture of moisture flows across the globe
including the oceans, it can be used to construct both forward
footprints and “evaporation sheds”, the downwind areas of
precipitation receiving evaporation from regions of interest
(Van der Ent and Savenije, 2013), as well as backward foot-
prints or “precipitation sheds”, the upwind areas of evapora-
tion contributing to precipitation in regions of interest (Keys
et al., 2012). Furthermore, it is the first to use the new ERAS
atmospheric reanalysis data and the most detailed to date.

This paper is structured as follows. In Sect. 2 we out-
line the methods behind the data, where we summarize the
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UTrack model in Sect. 2.1, detail the global simulations and
the format of their output in Sect. 2.2 and explain our data
validation procedure in Sect. 2.3. In Sect. 3 we present a
number of results regarding the global synthesis of atmo-
spheric moisture flows. First, in Sect. 3.1 we show a number
of metrics obtained from the data: evaporation moisture recy-
cling (land and basin recycling) and average traveled distance
(longitudinal and latitudinal direction). Next, in Sect. 3.2 we
present validating tests of the dataset: sum of precipitation
originated from any grid cell, which should add up to 1, and
comparison of total precipitation of UTrack and ERAS. We
briefly relate this dataset to existing work and discuss its po-
tential applicability in Sect. 4. Section 5 presents the conclu-
sions and Sect. 6 gives the instructions to download the data
and the scripts to process them.

2 Methods

2.1 Atmospheric moisture tracking model

The dataset is generated using the Lagrangian atmo-
spheric moisture tracking model UTrack by Tuinenburg and
Staal (2020) (Fig. 1). The model tracks parcels of moisture
through the atmosphere from their locations of evaporation
to those of precipitation, the first to be based on ERAS at-
mospheric reanalysis data. This means that the model post-
processes these atmospheric data. The moisture tracking con-
sists of three steps: (1) the release of moisture evaporated
from the land surface into atmospheric moisture parcels,
(2) the calculation of trajectories through the atmosphere for
each parcel and (3) the allocation of moisture present in the
parcels to precipitation events at the location of the parcel.

In the first step, ERAS total evaporation is determined and
divided into atmospheric moisture parcels. For each millime-
ter of evaporation, 100 parcels are released 50hPa above
the surface height at random spatial locations within each
0.25° x 0.25° cell across the globe. To make sure our esti-
mates are representative of all evaporation and do not exclude
locations or moments with small amounts of evaporation, at
least one moisture parcel is released per hour for each loca-
tion, even if there is less than 0.01 mm of evaporation.

In the second step, the parcels are tracked forward in
time through three-dimensional space, where the location
and moisture content of each parcel are updated at every time
step of 0.1 h. This forward-trajectory calculation is based on
interpolated three-dimensional ERAS wind speed and wind
direction data, which consist of 25 pressure layers in the
atmospheric column. This step is partly randomized as fol-
lows. The main uncertainty of atmospheric moisture track-
ing is the redistribution of moisture in the vertical direc-
tion (Tuinenburg and Staal, 2020), for example due to pa-
rameterized processes including convective up- and down-
drafts, reevaporation, and microphysics. To account for the
uncertainty in the vertical redistribution, we employ a prob-
abilistic scheme in which moisture parcels are randomly dis-
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Figure 1. The UTrack atmospheric moisture tracking model. (a) The model tracks evaporation through the atmosphere from source cells to
target cells using a Lagrangian moisture tracking scheme forced with ERAS reanalysis data. (b) An example of an “evaporation footprint”,
or “evaporation shed”, from the UTrack model. (¢) An example of a “precipitation footprint”, or “precipitation shed”. The examples show
the distribution of reprecipitation for evaporated water from Utrecht (the Netherlands) during 2008-2017 (b) and the distribution of the city’s
source of precipitation (c), given as percentages of allocated moisture.

tributed along the local vertical moisture profile (Tuinenburg
and Staal, 2020). The scheme is run at every time step, with
such a probability that every parcel is redistributed along the
local moisture profile on average once per 24 h.

In the third and final step in the moisture tracking model,
a fraction of the moisture present in a moisture parcel may
be allocated to rainfall events at the location of the parcel.
For this, ERAS hourly total precipitation (P) and total pre-
cipitable water (TPW) are used, which are interpolated to the
simulation time step of 0.1 h. At every time step, the amount
that rains out is equal to the amount of precipitation at that
time step over the total precipitable water in the water col-
umn (P / TPW).

Precipitation A (millimeter per time step) at location x, y
and time ¢ that has evaporated from any location of release in
any cell is equal to

Wparcel,t E source, t

) 1
TPWy y.r M)

Ax,y,t = Px,y,t
where P is rainfall in millimeters per time step, Wparcel is the
water in the tracked parcel in millimeters, Egource 1S its frac-
tion of water that evaporated from the source and TPW is the
precipitable water in the atmospheric water column in mil-
limeters. At each time step, the moisture content of the par-
cel is updated based on evapotranspiration ET into the parcel
and rainfall P out of it:

Wparcel, t—1

Wparcel,t = Wparcel,t—l + (ETx,y,t Wx,yt

- Px,y,t) (2)

The fraction of water in the parcel that has evaporated from
the source then becomes

Esource,t—l Wparcel,t—l - Ax,y,t

3

E source,t — W
parcel,

Thus, the amount of water that was tracked from the source
location decreases with precipitation along its trajectory.
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Each parcel is tracked for 30d or until 99 % of its moisture
content has rained out. The moisture flow m;; in millimeters
per month links evapotranspiration in cell i to rainfall in cell
J, where [x, y]ej becomes

month
mij = Zt:O A

over the course of a given month. Here, ET; ; is the evapo-
transpiration in millimeters per time step; W; ; is the tracked
amount of water from source cell i at time step 7.

Further information about the justifications of the model
settings can be found in Tuinenburg and Staal (2020).

ETi,l
Jit
Wi

“)

2.2 Global moisture flow simulations

For all ERAS moisture evaporated between 2008 and 2017,
we determined the downwind precipitation location using
UTrack. These simulations were done globally for each 0.25°
ERAS grid cell, including the North and South poles. Al-
though moisture was released from each 0.25° grid cell and
the simulations were forced by data at 0.25° resolution, we
aggregate this monthly and provide output at 0.5° and 1.0°
resolution. This degradation of the spatial resolution is due
to the large data load of a global pairwise set at 0.25°. We
also reduced the size of the dataset by providing monthly
means over 2008-2017 (weighted by the monthly evapora-
tion in these years) rather than providing complete time se-
ries. This multi-annual monthly mean result of these simula-
tions is the presented estimate of the downwind precipitation
for the evaporation for each grid cell. This downwind precip-
itation is then normalized, so that the global downwind sum
for each grid cell i equals 1.

In order to save storage space, the output is treated as fol-
lows. First, we take the natural logarithm of the downwind
locations and we subsequently multiply this by —10. Then,
these results are converted from their internal data type of
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floating point numbers with double precision to unsigned in-
tegers (range 0-255) and stored in a NetCDF4 file, with com-
pression level 6. This procedure limits file sizes considerably,
but it comes at the cost of some imprecision due to the con-
version of doubles to integers.

The procedure to retrieve the normalized downwind pre-
cipitation locations of evaporation at location x, y (Pg xy) is

PE xy,database = exp(moisture_flow[xy, :, :] x —0.1). (®)]

Due to the imprecision of the storage in integers, the global
sum of Pg yy, database 18 typically around 1.05. Therefore, this
needs to be normalized by the user as follows:

PE,xy,database
Z PE,xy,database

(6)

PE,xy =

2.3 Metrics and validation

We calculate evaporation moisture recycling (land and basin
recycling), precipitation moisture recycling (land and basin
recycling), downwind distance between evaporation and pre-
cipitation location (longitudinal and latitudinal directions),
global simulated precipitation, and the sum of precipitation
originated from one source cell.

Land evaporation recycling (in short land recycling) is de-

fined as the fraction of evaporation that precipitates over land

P . . o
areas (sxv = ’EE*T—V“““i), and basin evaporation recycling (in
) -
short basin recycling) is defined as the fraction of evapora-

tion that precipitates in the same river basin it evaporated

P .
from (sxy = —EE”TV;‘:‘““)

. The land recycling is determined us-
ing the ERAS land—sea mask. The river basin recycling is
determined using basin data derived from the drainage di-
rection map DDM30 (D61l and Lehner, 2002). Note that the
river basin recycling rates depend on the size and shape of
the river basin. Furthermore, all oceanic values and Antarc-
tica are considered to be one hydrological unit and are thus
the same “river basin”.

The distance between evaporation and precipitation loca-
tions is determined for each grid cell from its evaporation
footprint, determined by taking the mean over all downwind
locations (weighted by moisture flow). For this mean dis-
tance, we present its latitudinal and longitudinal components.
Because flows in opposite directions cancel out one another,
we also present the mean absolute distances, which are more
informative of the actual distances between evaporation and
precipitation.

The above metrics are all related to the characteristics of
the relation between evaporation and its downwind location,
which result from the forward simulations that form the basis
of the dataset. In addition to these, we employ the fact that
the database contains the downwind information for evapora-
tion from all locations globally. By multiplying the (normal-
ized) downwind precipitation locations with the evaporation
in the source location, we get the absolute amount of down-
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wind precipitation. In this “backward analysis”, if the abso-
lute downwind precipitation resulting from all global evap-
oration locations is summed, the total global precipitation
should result. Moreover, we can determine the evaporation
sources of precipitation in each individual grid cell by multi-
plying the normalized values in the database with the actual
evaporation in each grid cell and only select the precipitation
grid cell of interest from the downwind precipitation foot-
prints. This will then result in the precipitation in the grid
cell under consideration and its evaporation origins. Thus,
for the evaporative sources of precipitation, the precipitation
moisture recycling (land and basin recycling) is determined.

Two tests are done on the dataset. First, to check for nu-
merical consistency we determine whether the sum of precip-
itation originating from each source cell adds up to the evapo-
ration from that cell. Note that the total sum can deviate from
1 due to the storage format, as described in Sect. 2.2. Second,
for each grid cell, we multiply the (normalized) downwind
precipitation location with the monthly evaporation for that
grid cell, yielding the actual downwind precipitation from
that grid cell. The sum of this actual downwind precipitation
over all the grid cells releasing evaporation should add up to
the global precipitation amount and pattern again. The global
precipitation should be similar to ERAS total precipitation as
the dataset is forced with those data. Therefore, to check the
internal consistency of the dataset, the global precipitation
is calculated from the database and compared to ERAS total
precipitation.

3 Results

3.1 Global metrics

We find that, globally, 70 % of all terrestrial evaporation pre-
cipitates over land (i.e., the global average land recycling ra-
tio is 0.70). However, the land recycling ratio varies consider-
ably across the globe (Fig. 2). For example, in southern South
America the land recycling ratio is low due to strong trans-
port of moisture towards the ocean there. For inland regions,
land recycling ratios are close to 1. Furthermore, the land re-
cycling ratio varies throughout the year. The largest percent-
age of terrestrial evaporation recycling occurs in June and
July (74 %) and the smallest in January and December (62 %)
(Fig. 3). The Northern Hemisphere contains more land sur-
face, and therefore, there is more convection during summer
months in the Northern Hemisphere, which has an important
contribution to the evaporation recycling ratio (Fig. 2).

Only 17 % of moisture evaporated from the ocean rains out
over land. In general, the land recycling ratio for the oceans
(the fraction of evaporation from an ocean location that rains
out over land) does not exceed 0.2. Exceptions include the
high land recycling around the Equator as a result of the trade
winds that transport oceanic moisture towards land. Also, in
both the northeastern and southeastern Pacific Ocean and the
northern Atlantic Ocean, land recycling exceeds 0.2 due to

https://doi.org/10.5194/essd-12-3177-2020
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Figure 2. Seasonal variability of evaporation recycling ratio (as a fraction) over land. Evaporation recycling ratio is the fraction of evaporation
that subsequently rains down over land. (a) January through March. (b) April through June. (¢) July through September. (d) October through

December.
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Figure 3. Monthly variability of evaporation (red) and precipitation
(blue) global land recycling ratios. Evaporation recycling ratio is
the fraction of evaporation that subsequently rains down over land.
Precipitation recycling ratio is the fraction of precipitation that has
evaporated from land.

the westerlies (Fig. 2a). Throughout the year there is little
variation in the relative amount of moisture that evaporates
from the ocean and rains out over land. There is a small devi-
ation from the annual mean in the months April (16 %), May
(15 %) and June (16 %). All other months show no deviation
from the annual mean (17 %).

With the implicit backward analysis we find that 51 % of
global precipitation over land and 8 % of precipitation over
the ocean has evaporated from land. Figure 4 shows the sea-
sonal variation in the ratio of precipitation with moisture
evaporated from land. In the Northern Hemisphere, there is
a clear seasonal cycle as, here, during spring and summer

https://doi.org/10.5194/essd-12-3177-2020

(AMJ and JAS) the land recycling ratio is larger as a re-
sult of convection, over both oceanic and terrestrial regions.
For the Southern Hemisphere the seasonal differences are
smaller. However, over Australia, the land recycling ratio
is also larger for spring and summer (OND and JFM). As
the seasonal cycle is stronger for the Northern Hemisphere,
the global precipitation over land and ocean that evaporated
from land shows maximum values for June (57 % and 10 %)
and July (57 % and 10 %) (Fig. 3). Minima occur during the
Northern Hemisphere winter. The part of global precipita-
tion over land that evaporated from land is lowest in January
(36 %) (Fig. 3); the part of global precipitation over the ocean
that evaporated from land is lowest in January, February and
March (7 %).

Out of the 26 largest river basins of the world (Table 1),
the evaporation recycling ratio in almost all cases exceeds
the precipitation recycling ratio (Fig. 5). Only for the Murray
and Mackenzie basins do we find a larger proportion of recy-
cled precipitation than recycled evaporation (12 % vs. 11 %
for the Murray basin and 34 % vs. 33 % for the Mackenzie
basin). The highest evaporation recycling ratios occur in the
Amazon and Congo basins, with respective ratios of 63 %
and 60 %, which can be explained by their size and shape,
high forest evapotranspiration, and strong convection over
the tropical rainforests (Spracklen et al., 2012; Staal et al.,
2018). The Congo basin has a higher precipitation recycling
ratio than the Amazon: in the Congo, 47 % of precipitation
has last evaporated in the same basin, against 36 % for the
Amazon.

In general, the lowest recycling ratios are found for the
low midlatitudes, with values between 0 and 0.4 (except for
mountainous regions). Due to the Hadley cells and the Fer-
rel cells, there is subsidence in the low midlatitudes. As the

Earth Syst. Sci. Data, 12, 3177-3188, 2020
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Figure 4. Seasonal variability of precipitation recycling ratio over land. Precipitation recycling ratio is the fraction of precipitation that has
evaporated from land. (a) January through March. (b) April through June. (c) July through September. (d) October through December.

Table 1. Average evaporation and precipitation basin recycling ra-
tios for the 26 largest basins of the world.

Evaporation
recycling ratio (-)

Precipitation

River basin recycling ratio (-)

Amazon 0.63 0.36
Amur 0.39 0.32
Chad 0.24 0.21
Congo 0.60 0.47
Danube 0.25 0.17
Ganges 0.47 0.25
Huang 0.28 0.27
Indus 0.36 0.24
Kolyma 0.22 0.17
Lawrence 0.17 0.14
Lena 0.38 0.32
Mackenzie 0.33 0.34
Mississippi 0.31 0.25
Murray 0.11 0.12
Nelson 0.20 0.20
Niger 0.32 0.25
Nile 0.38 0.30
Ob 0.27 0.23
Orange 0.21 0.12
Parand 0.37 0.28
Tigris 0.17 0.06
Volga 0.19 0.16
Yangtze 0.44 0.30
Yenisej 0.33 0.26
Yukon 0.27 0.25
Zambezi 0.40 0.27
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cool air sinks it warms adiabatically, which results in a de-
crease in relative humidity. Because of this, the air is dry and
precipitation is less likely to occur, which explains the lower
recycling. Furthermore, differences in precipitation recycling
can be expected due to regional and temporal differences in
the strength of transport from moisture evaporated from the
ocean, such as in monsoon regions (Wei et al., 2012).

Figure 6 shows the annual mean of the traveled distance
for evaporated moisture across the globe. For latitudinal
transport there is an equatorward flow for the polar regions
and a poleward flow around the Equator. For the midlatitudes
an alternating pattern of northward and southward moisture
transport is visible, with maxima up to 18° in both direc-
tions. The annual mean of traveled latitudinal distance for
the backward analysis shows the same pattern (Fig. 7). How-
ever, the magnitude of this transport is smaller, as the maxi-
mum values go up to only 10°. For longitudinal transport of
evaporated moisture, there is a distinct pattern of westward
transport in the equatorial regions where the average traveled
distance tends to exceed 10° with maxima up to 18°. Also
for the backward analysis this pattern is clearly present and
the maxima go up to 18°. The difference between the for-
ward and backward tracked distance can be explained by the
variability in the atmospheric moisture cycle in several di-
mensions. In dry areas, the downwind length scale will be
long, because any evaporation will travel very far before it
rains out. The upwind length scale will be short because of
the large amount of local evaporation relative to the local pre-
cipitation. Contrastingly, in wetter areas, the reverse is true
and the upwind length scale will be longer: the precipitation
falling in wet areas will have come from far away, because
of the limited local evaporation relative to the precipitation.
In these areas, the downwind length scale is shorter because
evaporation from wetter areas will have a larger chance to be

https://doi.org/10.5194/essd-12-3177-2020
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Figure 5. Average evaporation (a) and precipitation (b) recycling ratios per basin. The basin recycling ratios are plotted for the 26 largest

river basins.
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Figure 6. Average forward moisture transport from evaporation to precipitation. (a) Average of traveled distance in meridional direction
(“delta latitude”). (b) Average of traveled distance in zonal direction (“delta longitude™). (c) Average of absolute traveled distance in merid-
ional direction (“absolute delta latitude™). (d) Average of absolute traveled distance in zonal direction (“absolute delta longitude™).

part of a nearby precipitation event. As can be seen in Figs. 6
and 7, the difference between forward and backward distance
is typically larger in the meridional than in the zonal direc-
tion. We hypothesize that this is due to the fact that there is
less variability in the moisture transport in the zonal direction
than in the meridional direction. Furthermore, there is east-
ward transport in the midlatitudes, also with distances around
18°, caused by the trade winds. For the backward analysis,
maximum values are smaller around the Equator and in the
midlatitudes. The average traveled distance in the longitudi-
nal direction is evidently larger than that in the latitudinal di-
rection as atmospheric moisture fluxes in the east—west direc-
tion are typically stronger than in the north—south direction.
The vertically integrated moisture flux obtained from ERAS
is indicated with arrows in Figs. 6a, b and 7a, b. In general,
the direction of the arrows coincides with the direction of the
evaporated moisture transport obtained with UTrack. How-
ever, the magnitude of the arrows and the average traveled
distance in longitudinal and latitudinal directions show some

https://doi.org/10.5194/essd-12-3177-2020

differences. For example, over northern Africa, the magni-
tude of the arrows is small, but the average traveled distance
in the longitudinal direction is large. Because there is little
evaporation in this region, the moisture flux is small; how-
ever, due to the strong trade winds the small amount of mois-
ture is transported over a large distance, explaining the larger
magnitudes for average transport in the longitudinal direc-
tion.

3.2 Validating checks

The sum of precipitation originating from any grid cell can
be derived and used for its validation. For all source cells,
the sum of their downwind footprints (in fraction of evapo-
ration) adds up to a value of around 1.05, due to the conver-
sion from floats to integers. This means that the values should
be renormalized and converted back to floats, so their global
sum again equals 1 (see Eq. 6). While this process reduces

Earth Syst. Sci. Data, 12, 3177-3188, 2020
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Figure 7. Average backward moisture transport from precipitation to evaporation. (a) Average of traveled distance in meridional direc-
tion (“delta latitude”). (b) Average of traveled distance in zonal direction (“delta longitude”). (¢) Average of absolute traveled distance in
meridional direction (“‘absolute delta latitude”). (d) Average of absolute traveled distance in zonal direction (“absolute delta longitude”).
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Figure 8. (a) Global precipitation (mm d—1 during 2008-2017 derived from the moisture tracking model UTrack. (b) Global precipita-
tion (mm dfl) during 2008-2017 from the ERAS dataset. (¢) The absolute deviation of the precipitation from UTrack to that from ERAS
(mmd™ 1 ). (d) The relative deviation of the precipitation from UTrack to that from ERAS (deviation as fraction of ERAS precipitation).

the data size considerably, it introduces some uncertainty in
the footprints.

To further validate the dataset, we compare the result of
global precipitation (Fig. 8a) with total precipitation from the
ERAS dataset (Fig. 8b). Because only ERAS5 data are used
to force the UTrack model, global precipitation should be
similar between the two datasets. Figure 8c shows the ab-
solute difference between global precipitation derived with
UTrack and from ERAS, and Fig. 8d shows the relative de-
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viation of UTrack to ERAS precipitation. For most locations
the error is small in comparison to the global precipitation.
The largest deviations occur over the poles, mountainous re-
gions and dry areas. The drier areas show a smaller absolute
deviation, although the relative deviations are large due to the
small amounts of precipitation in these areas. Due to the rel-
atively small error, the precipitation patterns are similar for
both datasets and both maxima and minima are located in the
same regions. However, the exact values of extreme precipi-
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tation levels show some differences. For example, precipita-
tion at the coast of Colombia is higher for the ERAS data.

4 Discussion

We present the first globally comprehensive dataset for at-
mospheric moisture flows at 0.5° (and 1.0°) spatial res-
olution. To produce the dataset we used an atmospheric
moisture tracking model (UTrack) that simulates the three-
dimensional atmospheric trajectories of a large number
of “moisture parcels” from evaporation to precipitation
(Tuinenburg and Staal, 2020). We forced our Lagrangian
simulations with the latest ERAS reanalysis data (Coperni-
cus Climate Change Service, C3S). The ERAS dataset is
constrained by observations and represents the most detailed
available representation of the atmosphere.

No independent observations exist to validate the source-
to-sink relations in our database directly. Some studies vali-
date moisture recycling using tracers in atmospheric models
or stable water isotope measurements (Koster et al., 1993;
Kurita and Yamada, 2008). However, tracers in atmospheric
models are still very much dependent on model physics, es-
pecially the treatment of the vertical transport of moisture
(see Tuinenburg and Staal, 2020). Furthermore, because ob-
servations and interpretation of stable water isotopes are not
available on a global scale, we do not use these here. How-
ever, this database provides the opportunity to analyze lo-
cal stable water isotopic measurements in light of the local
moisture sources. Due to this inherent difficulty in validating
the dataset, we provide an internal validating check regard-
ing the global precipitation distribution. This showed that the
patterns of total precipitation are similar to the total precipi-
tation in ERAS5 and are thus internally consistent. However,
due to the fact that the ERAS climatological mean precip-
itation is about 1.5 % higher than the evaporation, there is
an added uncertainty of that order due to this non-closure of
the moisture balance. The current dataset only stores the 2D
downwind precipitation location and not the altitude at which
the atmospheric moisture condensates. In future datasets, this
could be stored and the resulting vertical latent heating pro-
files could be compared against the ERAS latent heating pro-
files as a further validating check.

We analyzed a number of hydrologically relevant statis-
tics of the global atmospheric moisture flows for 2008-2017.
On average, 70 % of global land evaporation rains down over
land. This fluctuates across the year, with a minimum of 62 %
in December—January and a maximum of 74 % in June—July.
This evaporation recycling is higher than precipitation recy-
cling: 51 % of global land precipitation has evaporated from
land, varying between 36 % in January and 57 % in June—
July. This estimate is significantly higher than the estimate
of 36 % by Van der Ent et al. (2014), which was based on
other input data and a coarser, Eulerian moisture tracking
model. Furthermore, Dirmeyer et al. (2014) found similar
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variability in the patterns and values of precipitation recy-
cling throughout the year. However, their results show some
differences, including lower precipitation recycling in parts
of South America. The highest basin recycling occurs in the
Amazon and Congo basins, with evaporation and precipita-
tion recycling of 63 % and 36 % for the Amazon basin and
60 % and 47 % for the Congo basin. These numbers allow
us to further compare our estimates of moisture recycling to
previous ones. A number of studies have estimated the pre-
cipitation recycling ratio for the Amazon. These estimates
tend to vary between 24 % and 35 % (Brubaker et al., 1993;
Eltahir and Bras, 1994; Costa and Foley, 1999; Trenberth,
1999; Zemp et al., 2014; Staal et al., 2018), meaning that our
new estimate is slightly above other ones, although a possi-
ble recycling ratio of 41 % has also been reported (Burde et
al., 2006). A recent estimate using a very similar Lagrangian
moisture tracking method but forced with ERA-Interim data
instead of ERAS (Staal et al., 2018) estimated 32 % evapora-
tion recycling for the Amazon. This could mean that previous
estimates based on the ERA-Interim dataset tend to under-
estimate atmospheric moisture recycling, although the study
periods were not equal. Keune and Miralles (2019) found
evaporation basin recycling values for the Danube of around
35 % for JJA. For these months, we find a similar number,
although the annual mean basin recycling rate is somewhat
lower.

There are missing values for Antarctica and Greenland re-
garding precipitation and recycling ratios, which affect the
metrics of traveled distance, resulting in large gradients.
These errors are the result of positive values in the ERAS
evaporation data, indicating condensation, which may repre-
sent errors in that dataset.

Recently, Link et al. (2020) developed another dataset
for the destinations of global land evaporation. This current
dataset differs in a number of important ways from that of
Link et al. (2020). First, we present moisture connections
among all global grid cells including the oceans, allowing
the user to quantify the complete upwind evaporation source
area across the globe. Second, our moisture tracking model
(Tuinenburg and Staal, 2020) uses the most detailed forc-
ing data that are currently available: hourly evaporation and
precipitation and hourly wind speed and three-dimensional
wind directions for 25 atmospheric layers in the troposphere
at 0.25° horizontal resolution from ERAS5 (Copernicus Cli-
mate Change Service, C3S). This high-resolution model al-
lowed us to generate the high-resolution output that we pre-
sented here. The moisture tracking model behind the Link et
al. (2020) dataset (Van der Ent et al., 2014) uses ERA-Interim
data with lower spatial and temporal resolution than ERAS.

The drawback of our high-resolution simulations is the
heavy data load that results from them. This is the reason
that we reduced the output resolution to 0.5°, as well as to
1.0° for further ease of handling the data. We refer users who
wish to obtain moisture connections at 0.25° to Tuinenburg
and Staal (2020), who published the model code. Also, here
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we publish only (monthly) climatological means rather than
time series. For time series from UTrack we again refer back
to the model.

We foresee a range of applications of the dataset from fun-
damental Earth system science to applied global change re-
search. For example, the moisture flows can be analyzed as a
network where its nodes refer to areas that are connected by
the moisture flows among them (Zemp et al., 2014; Kronke et
al., 2020). Network analysis is becoming an increasingly im-
portant means to study global weather patterns and the Earth
system (e.g., Boers et al., 2019). Our simulations potentially
provide a mechanistic basis for empirical relations among re-
mote weather patterns, such as drought correlations and land
cover. There could be a benefit in classifying the weather pat-
terns in terms of the length scale difference between the up-
wind and downwind parts of the atmospheric moisture cycle.
Finally, they can be used to assess the effects of land cover
changes on precipitation patterns at any scale between 0.5°
(roughly 50 km at the Equator) and the global scale.

5 Data availability

The dataset (Tuinenburg et al., 2020) is available from the
PANGAEA archive in both the full-resolution version at 0.5°
resolution and in a lower-resolution version at 1.0° reso-
lution (https://doi.pangaea.de/10.1594/PANGAEA.912710).
Sample scripts to open and process the database, as well as
data files containing the calculated metrics for this paper, are
provided on GitHub (https://github.com/ObbeTuinenburg/
UTrack_global_database, last access: 2 December 2020,
Tuinenburg, 2020).

6 Conclusions

Over the last decades, the interest in the atmospheric mois-
ture cycle and the explicit links between evaporation and pre-
cipitation locations has increased. Moisture recycling rates
are relevant for land use change studies, hydrology and atmo-
spheric predictability. Many moisture recycling studies, in-
cluding this study, determine these explicit relations between
evaporation and precipitation location by forcing a moisture
tracking model with atmospheric reanalysis data, effectively
calculating moisture recycling as a post-processing scheme.
Here, we have calculated the explicit relation between evap-
oration and precipitation locations, based on the state-of-the-
art, high-resolution ERAS5 atmospheric reanalysis. The pre-
sented global database consists of the downwind precipita-
tion location for all evaporation globally, on a 0.5° resolution
for both the source locations and downwind precipitation lo-
cation. It is presented as monthly mean values, averaged over
2008-2017. In addition to the data at 0.5°, a version at 1.0°
resolution can be downloaded.

This dataset can be used to assess source—target relations
of moisture fluxes into and out of the atmosphere. With these
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relations, the downwind precipitation and 2D latent heating
effects of land use changes could be determined. Further-
more, due to the global domain of the dataset, the same can
be done for the reverse direction, determining the evapora-
tive moisture sources of precipitation in a certain location.
These upwind moisture source locations could be used in at-
mospheric predictability studies.
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