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Abstract. The global atmospheric water transport from the evaporation to the precipitation regions has been traced using
Lagrangian trajectories. A matrix has been constructed by selecting various group of trajectories based on their surface starting
(evaporation) and ending (precipitation) positions to show the connectivity of the atmospheric water transport within and
between the three major ocean basins and the global landmass. The analysis reveals that a major portion of the evaporated
5

water precipitates back into the same region, namely 67% for the Indian, 64% for the Atlantic, 85% for the Pacific Ocean
and 72% for the global landmass. The evaporation from the subtropical regions of the Indian, Atlantic and Pacific Oceans is
found to be the primary source of atmospheric water for precipitation over the Intertropical Convergence Zone (ITCZ) in the
corresponding basins. The evaporated waters from the subtropical and western Indian Ocean were traced as the source for
precipitation over the South Asian and Eastern African landmass, while Atlantic Ocean waters are responsible for rainfall over
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North Asia and Western Africa. Atlantic storm tracks were identified as the carrier of atmospheric water that precipitates over
Europe, while the Pacific storm tracks were responsible for North American, eastern Asian and Australian precipitation. The
bulk of South and Central American precipitation is found to have its source in the tropical Atlantic Ocean. The recycling of
evapotranspirated water from land is pronounced over the western coast of South America, Northeastern Asia, Canada and
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Greenland. The ocean-to-land and land-to-ocean water transport through the atmosphere was computed to be 2 × 109 kg/s and

1 × 109 kg/s, respectively. The difference between them (net ocean-to-land transport), i.e. 1 × 109 kg/s, is transported to land.
This net transport is approximately the same as found in previous Eulerian estimates.
1

Introduction

The hydrologic cycle traces the continuous movement of the water in the coupled ocean-atmosphere system. The atmospheric
hydrological cycle starts from the evaporation regions and ends in the precipitation regions. Generally evaporation tends to ex20

ceed precipitation over the ocean, while for land the opposite holds true. A consequence of this excess precipitation over land is
that this surplus water eventually discharges into the ocean by the rivers, completing the atmospheric branch of the water cycle.
The hydrological cycle is believed to strengthen in a future warmer climate. The Clausius-Clapeyron (CC) thermodynamic
relation indicates that for every 1◦ C temperature rise, the saturation vapour pressure will approximately increase by 7%. This
implies that the vapour pressure, which is equivalent to the specific humidity or the amount of moisture in the atmosphere
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(Wallace and Hobbs, 2006), will also increase, as the tropospheric relative humidity is believed to remain the same in a warmer
climate (Soden and Held, 2006). If the atmospheric circulation would remain unchanged, the water-vapour increase will solely
1
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act to intensify the moisture transport from the evaporation regions to the precipitation areas and help to magnify the strength of
the existing global evaporation (E) - precipitation (P) patterns. This is the paradigm of “dry gets drier and wet gets wetter” or in
other words “rich-get-richer mechanism” (Chou and Neelin, 2004). However, the increase of atmospheric moisture in a warmer
30

climate does not necessarily imply that the global evaporation and precipitation will also increase by the same CC rate, as these
are constrained by the surface energy budget (Held and Soden, 2006; Huntington, 2006). Analyses of future climate scenarios
from Earth system models have revealed a 2-3% increase in global precipitation per 1◦ C temperature rise (Allan et al., 2014).
The imbalance between increasing rate of moisture and precipitation ensures that the precipitation intensity will increase in
the future climate, while the frequency and duration are apt to decrease (Trenberth, 1999). In addition to this, the hydrologic

35

cycle also plays a critical role in the global energy cycle through evaporative cooling of the Earth’s surface and latent heating
of the atmosphere. The impact of the hydrologic cycle is not only important for the atmosphere but also for the ocean. The
evaporation-dominated regions over the ocean generally leads to high salinity and the precipitation-dominated regions to low
salinity. The Atlantic Ocean is e.g. a net freshwater flux surplus (E - P > 0) region in contrast to the Pacific Ocean, where the
opposite holds true. This in turn gives rise to a salinity asymmetry, which can explain the generation of deep water in the North

40

Atlantic but not in the North Pacific Ocean (Warren, 1983; Broecker et al., 1985; Emile-Geay et al., 2003). The North Atlantic
Deep Water (NADW) is an integral part of the Atlantic Meridional Overturning Circulation (AMOC), which distributes heat
within the climate system (Vellinga and Wood, 2008). It is projected by many climate models that the AMOC will weaken
during the 21st century, which could be linked to changes in the hydrologic cyle (Stocker et al., 2014).
Given these diverse roles of the hydrologic cycle within the Earth system, it is important to disentangle and understand its
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different parts. Previous studies were able to provide an estimate of the water storage in the reservoirs and also the exchange
of water between them (Chahine, 1992; Trenberth et al., 2007, 2011). The atmospheric water transport between the global
ocean and land, the two dominating water reservoirs, are primarily obtained by integrating the net freshwater flux (E - P) over
them. The integrated E - P over the ocean is positive and calculated to be approximately 1 Sv (≡ 109 kg/s) (Schmitt, 2008),
which is transported to land. Due to water-mass conservation this 1 Sv is equivalent to the negative E - P integral over land
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(as P > E over the land) and will return to the ocean through river discharges. The E - P can either be directly obtained from
the observationally based reanalysis data sets or derived from the moisture budget analysis (Trenberth et al., 2011). These
kinds of studies suffer from the limitation that they can not provide information about the atmospheric water transport within
and between different ocean basins and land. In addition, knowledge about how much of the ocean/land evaporated water
truly precipitates over the ocean/land itself and is transported to the land/ocean is not achievable. In the present study, these
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questions will be possible to address using a new Lagrangian framework. The primary objective of the present study is to link
atmospheric water transports within and between different ocean basins and land using Lagrangian trajectories, which makes
it possible to trace water from the evaporation at the surface to where it precipitates. This will facilitate the construction of
an atmospheric freshwater connectivity matrix, which will provide both quantitative as well as qualitative descriptions of the
atmospheric water exchange.

2
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2

Methods and data

2.1

Lagrangian model for tracing water in the atmosphere

The mass conserving Lagrangian trajectory model TRACMASS v7.0 (Aldama-Campino et al., 2020; Döös, 1995) was used
in the present study to obtain a detailed understanding of the global hydrologic cycle. One of the unique characteristics of
TRACMASS is that it uses mass transports through the model grid box faces instead of velocity fields (Vries and Döös,
65

2001). TRACMASS was employed frequently to track the oceanic water-transport pathways (Berglund et al., 2017, 2021;
Döös et al., 2008) and atmospheric air-mass routes (Kjellsson and Döös, 2012). In Dey and Döös (2020) TRACMASS was
updated in order to trace water instead of air in the atmosphere. The atmospheric water tracing version of TRACMASS was also
implemented recently to study the seasonal and inter-annual characteristics of the South Asian summer monsoon precipitation
(Dey and Döös, 2021). Note here that this trajectory calculations are based on atmospheric water-mass transport in kg/s and
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not transports of humid air. We are hence tracing the actual atmospheric water and not the moisture change along air-parcel
trajectories. An elaborate evaluation of the atmospheric and oceanic trajectory schemes that are used in TRACMASS can be
found in Döös et al. (2017).
The horizontal water transports through the model grid box faces are obtained by multiplying the air transports with its
water content. The vertical water transport field is then obtained from an atmospheric water-mass conservation equation (Dey
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and Döös, 2019), which is integrated from the top of the atmosphere down to the surface of the earth. Thus, the vertical
water transport includes evaporation and precipitation in addition to the advection of moisture by the winds. At the surface the
integrated vertical water transport should hence be equal to E - P, which was illustrated by Dey and Döös (2020). Note that the
diffusive water transports were omitted in Dey and Döös (2019, 2020), as well as in the present study due to its unavailability
from the ERA-Interim but could be included in future studies. For a detailed mathematical derivation of the atmospheric water
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transport see Dey and Döös (2019, 2020, 2021).
The mass conserving ability of TRACMASS (i.e. mass transport of a trajectory is conserved throughout its journey) has
made it possible to compute Lagrangian stream functions from the simulated trajectories. The Lagrangian stream function is
an useful tool to understand atmospheric and oceanic circulation pathways and has been used in previous studies extensively
(Blanke et al., 1999; Berglund et al., 2017; Kjellsson and Döös, 2012; Döös et al., 2008). In the present study the Lagrangian
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meridional and zonal overturning stream functions were computed to quantify atmospheric water-mass transport pathways
in the meridional-vertical and zonal-vertical coordinate system respectively. The Lagrangian meridional overturning stream
function can be expressed as
ψj,k =

kz X X
X

k0 =k

i

y
Ti,j,k
0 ,m

(1)

,

m

y
here, i,j,k 0 are the zonal, meridional and vertical coordinates through which the trajectory indexed m passes. Ti,j,k
0 ,m is the
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atmospheric water transport (kg s−1 ) by the trajectory indexed m through the zonal-vertical grid box. The highest vertical level
of the atmosphere is at 0.1 hPa and denoted as k 0 = kz. Note that the streamlines will be open and crossing the surface due to
3
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the sources (evaporation) and sinks (precipitation) of atmospheric water. Similarly, the Lagrangian zonal overturning stream
function was computed as:
ψi,k =

kz X X
X

k0 =k j

95

x
Ti,j,k
0 ,m

(2)

,

m

x
−1
where Ti,j,k
) through the meridional-vertical grid-box face. The vertically inte0 ,m is the Lagrangian water transport (kg s
y
x
grated zonal (Fi,j
) and meridional (Fi,j
) water flux was computed from the simulated water trajectories to describe atmospheric

water transport pathways in longitude-latitude framework:
Pkz P
x
k0 =0
m Ti,j,k0 ,m
x
Fi,j =
,
(3)
∆yi,j
Pkz P
y
k0 =0
m Ti,j,k0 ,m
y
Fi,j =
.
(4)
∆xi,j
100 The longitudinal and latitudinal grid spacing is denoted as ∆x and ∆y respectively. The resultant of the vertically integrated
horizontal water flux is thus
q
x )2 + (F y )2 ,
Fi,j = (Fi,j
i,j

(5)

which has the unit Sv/m (1Sv ≡ 109 kg s−1 ). The calculated water trajectories were also used to compute atmospheric water
residence time (τi,j ) following Dey and Döös (2020, 2021)
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τi,j =

M
P

m=1

z
E
{(tP
m − tm ) · Ti,j,m }
M
P

m=1

(6)

,

z
Ti,j,m

z
which shows lifetime of the atmospheric water between evaporation and precipitation. Here Ti,j,m
is the water transport of the

trajectory indexed m through the surface. M is the total number of trajectories, tP and tE is the time when the atmospheric
water trajectories precipitate and evaporate respectively.
2.2
110

Data source

The atmospheric water transports were computed using the surface pressure, specific humidity, specific cloud liquid and ice
water content and horizontal wind velocities from the ERA-Interim reanalysis (Dee et al., 2011). The data sets were obtained
for the years 2016 and 2017 with 0.75◦ spatial resolution, 6-hourly temporal resolution and 60 hybrid vertical model levels. It
is noteworthy that to satisfy the mass conservation property of the Lagrangian model TRACMASS it requires data at model
levels and not at interpolated pressure levels (Dey and Döös, 2021).

115

2.3

Lagrangian study configuration

To understand the global atmospheric water transport the Lagrangian trajectories were started over the entire surface of the
globe when evaporation exceeded precipitation and followed until they reach back to the surface, which occurs when precipitation exceeded evaporation. These water trajectories were started at the surface every 6 hours during 2016 where E > P and
4
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Figure 1. Spaghetti plot of few selected atmospheric water trajectories for the month of January 2016. The selected ocean basins are represented by different shadings of gray and defined as the Indian Ocean (IO), Pacific Ocean (PO) and Atlantic Ocean (AO). Note that, the Arctic
Ocean is included in the Atlantic. The global landmass is taken as one single entity. The atmospheric water transport within and between
the ocean basins and land has been calculated based on these defined sectors. The representative trajectories associated with these intra- and
inter-basin water transport are labeled with different colors. The black dots are indicating the starting points and red points represent the
ending points of the atmospheric water trajectories.

followed until they reached back the surface where P > E. The trajectories were, however, followed for a maximum of one
120

year. Only 0.4% remained in the atmosphere after one year and were subsequently discarded. The atmospheric water transport
connection within and between different ocean basins and land, which can be regarded as an atmospheric water connectivity
matrix, was estimated by sorting different classes of atmospheric trajectories based on their starting and ending positions. In
the present study, the starting and ending points of the water trajectories were classified into the global landmass and the three
major ocean basins as defined in Figure 1. The ocean basins are termed the Indian, Pacific, and the Atlantic Ocean (including
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the Arctic ocean).
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Figure 2. Annual mean E - P (mm/day) inferred from the atmospheric waters travelling from the surface evaporative regions (red contours)
to the precipitation areas (blue contours). The rows represent the evaporative (starting points of the atmospheric water trajectories) sectors
and the columns represent the precipitation (ending points of the trajectories) regions.

3
3.1

Results
Atmospheric water connectivity

The atmospheric water is always on the move through space and in time within the climate system. In order to grasp the full
characteristics of the atmospheric water circulation, it is thus necessary to reduce its dimensionality. The geographical connec130

tion of the atmospheric water transports within and between the ocean basins and the global landmass has been established
by tracing the atmospheric water from the evaporation to the precipitation regions (Fig. 2), which are the starting and ending points of the trajectories. Additionally, a quantitative view of this geographical atmospheric water transport connection
is presented in Table 1 by integrating the evaporation/precipitation transport obtained from the sorted classes of trajectories.
This integration of either evaporation or precipitation will give the same result due to the mass-conserving property of the
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Lagrangian model TRACMASS. The atmospheric water movement in the horizontal-vertical plane is obtained by calculating the Lagrangian overturning water-mass stream functions using equation 1 and 2 and presented in latitude-pressure and
longitude-pressure coordinate systems (Fig. 3 and Fig. 4 respectively). In addition, vertically integrated horizontal water flux
computation (using equation 5) is used to describe the water transport routes in longitude-latitude framework (Fig. 5). Note
that the streamlines represent the integrated atmospheric water transport routes and is based on the sum of the Lagrangian
6
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Figure 3. The Lagrangian meridional overturning stream function within and between the ocean basins and land. This has been undertaken
by grouping the trajectories according to their starting and ending locations. The starting and ending points of the atmospheric trajectories
are defined as per the sectors presented in Fig. 1.
140

trajectories, which should not be confused with the paths of the individual trajectories. Additionally, the streamlines start at the
surface when E > P and terminate where the opposite holds true. While interpreting the atmospheric water pathways from the
meridional and zonal overturning stream functions, it should be remembered that these are zonally and meridionally integrated
pathways respectively. For instance, the atmospheric water mass crossing a longitude can be transported zonally both by the
tropical easterly trade winds and by the mid-latitude westerlies. If e.g. the westerlies transport more water than the easterlies at
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the same longitude then the meridionally integrated zonal overturning stream function will only show the dominant westerly
signal. The residence time of the atmospheric water was mapped geographically at the evaporation points using equation (6).
This mapping was split up using the connectivity matrix so that the residence times indicate the inter- and intra-basin transport
time scales (Fig. 6). This residence time was calculated from the points where net evaporation exceeds a monthly mean value
of 0.2 mm/day in order to focus on the main source regions of the atmospheric water.
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The results show that the evaporation from the subtropical Atlantic, Pacific and Indian Ocean is the major source of water for
precipitation over the Intertropical Convergence Zone (ITCZ) in their respective basins (Fig. 2a, 2f and 2k). A major portion of
7
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Table 1. Atmospheric freshwater transport within and between the ocean basins and land. The rows represent evaporative (atmospheric water
source) sectors and the columns the precipitation (atmospheric water sink) regions. Units are in Sv (≡ 109 kg/s). The percentages in the
parentheses represent fractions of the net evaporation that are transported from the source region.
Regions

Indian Ocean

Atlantic Ocean

Pacific Ocean

Land

Indian Ocean

2.26 (67%)

0.10 (3%)

0.52 (15%)

0.52 (15%)

Atlantic Ocean

0.25 (5%)

3.07 (64%)

0.45 (9%)

1.07 (22%)

Pacific Ocean

0.23 (3%)

0.34 (4%)

7.52 (85%)

0.77 (8%)

Land

0.20 (5%)

0.48 (10%)

0.61 (13%)

3.30 (72%)

the evaporated water from the ocean basins was found to precipitate over their source sectors (Table 1). On an annual average,
67% (2.26 Sv), 64% (3.07 Sv) and 85% (7.52 Sv) of the evaporation from the Indian, Atlantic and Pacific Ocean precipitates
over the same oceanic basin (Table 1). The meridional overturning stream function and vertically integrated horizontal water
155

transport corresponding to these intra-basin atmospheric water transports (Fig. (3a; 5a), Fig. (3f; 5f) and Fig. (3k; 5k)) show
that the Equatorward meridional transport in the Atlantic and the Pacific Oceans and northward transport in the Indian Ocean
are dynamically responsible for most of the oceanic ITCZ rainfall. The easterly (east-to-west) water transport within the Pacific
Ocean (blue cell in Fig. 4k and black lines in Fig. 5k) also plays a crucial role for the Pacific ITCZ precipitation and shows
the atmospheric water movement within the Walker circulation. The evaporative waters from the Indian, Atlantic and Pacific

160

Oceans stay on an average 4, 3 and 5 days, respectively, in the atmosphere before precipitating back into their basins of origin
(Fig. 6a, 6f and 6k). Note that the residence-time map has a large spectrum of values and varies a lot within small distances
in some of the defined regions, e.g. the evaporative water from the subtropical Pacific Ocean has residence time from 0 days
to more than 24 days (Fig. 6k). The rainfall over the South Asian landmass and Eastern Africa is traced to originating and
transporting mostly from the subtropical and Western Indian Ocean (Fig. 2d and Fig. 5d). Note that this is an annual-mean
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figure and consists of precipitation signals from the entire year. The atmospheric water transport from the Indian Ocean to the
landmass is estimated to be around 0.52 Sv, which is 15% of the total Indian Ocean evaporation (Table 1). The evaporated
water from the Indian Ocean is primarily transported by the Somali low-level jet to the South Asian landmass. This low-level
jet is a southwesterly flow which is active along the Somali coast during the summer monsoon months of June to September.
The atmospheric water transport pathways associated with this jet is captured by the meridional and zonal overturning stream
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functions (Fig. 3d and Fig. 4d), in which the Northward (Fig. 3d) and Eastward (Fig. 4d) flow components carry atmospheric
water to South Asia. Additionally, the horizontal water transport pathway from the Indian Ocean to the South Asian landmass
by the Somali low-level jet is clearly noticeable in Fig. 5d.
The Easterly (Fig. 4d and Fig. 5d) component of the flow field transport water to Eastern Africa from the nearby Indian
Ocean. The water that evaporated from the Indian Ocean and transported to land remains around 20 days in the atmosphere
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(Fig. 6d). The transport from the subtropical Atlantic Ocean to the tropical and mid-latitude Pacific Ocean (Fig. 2g) is found to
be accomplished by the Easterly and Westerly winds, respectively , (Fig. 4g and Fig. 5g) and is calculated to be approximately

8
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Figure 4. Same as Fig. 3 but for the zonal overturning stream function.

0.45 Sv (Table 1). The mean residence time of the evaporated waters from the Atlantic Ocean that are transported to the
Pacific Ocean is 35 days (Fig. 6g). The majority of the South and Central American precipitation is found to be transported
from the tropical Atlantic (Fig. 2h) with the help of Easterly trade winds (blue cell in Fig. 4h and black lines in Fig. 5h). The
180

Atlantic storm tracks, which orientated in an eastward direction, seemed to be responsible for the European and North Asian
precipitation (Fig. 2h, 4h and 5h). The annual-mean Western African precipitation that is dominated by the Western African
monsoon is traced to originating from the Atlantic Ocean and moves eastward (Fig. 2h and 4h). The winds over the Atlantic
Ocean transport around 1.07 Sv atmospheric water to the land, which is 22% of its total evaporation (Table 1). The Atlantic
Ocean evaporated waters are stay in the atmosphere for 15 days before precipitating over Land (Fig. 6h). The rainfall over the
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west coast of North America, eastern coasts of Asia and Australia is primarily sourced from the Pacific Ocean (Fig. 2l) and
its pattern closely resembles the pathways of the Pacific storm tracks. The total atmospheric water transport from the Pacific
Ocean to the landmass is approximately 0.77 Sv (Table 1). The average residence time of the waters that are evaporated from
the Pacific Ocean and precipitated over the landmass is found to be 21 days (Fig. 6l). The global landmass evaporated water
mostly precipitates over the western coast of South America, the Northeastern sector of Asia, Canada and Greenland (Fig. 2p).
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Figure 5. The vertically integrated horizontal water flux (shaded; Sv m−1 ) within and between the ocean basins and land. This has been
achieved by grouping the atmospheric water trajectories according to their starting and ending locations. The starting and ending points of
the Lagrangian trajectories are defined as per the sectors presented in Fig. 1. The flux directions are given by the black lines.
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The total amount of recycled atmospheric water transport over land is estimated to be around 3.30 Sv and is equal to 72% of
its evapotranspiration (Table 1). The evapotranspirated water from land that falls back over the continents spends 6 days in the
atmosphere (Fig. 6p).
3.2

A simplified quantitative view of the atmospheric water cycle

A simplified schematic of the annual mean global atmospheric water transports from both the Eulerian and Lagrangian per195

spectives is presented in Fig. 7. It reflects the advantage of using a Lagrangian framework, from which ocean-to-ocean, oceanto-land, land-to-land and land-to-ocean atmospheric water transport could be and was calculated (Fig. 7, bottom). The sketch
was constructed by summing and rounding off the values of Table 1. For instance, net evaporation over the entire ocean was
calculated by summing all the values of the atmospheric water transports from the defined ocean basins. The net evaporative
transport from all the ocean basins is around 17 Sv, of which nearly 16 Sv precipitates over the ocean itself. The net ocean-
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to-land transport is thus 1 Sv, which returns to the ocean as runoff from land and equals the difference between the land net
evaporation (≈4.6 Sv) and land net precipitation (≈5.6 Sv). It is found that 88% of the oceanic net evaporation (i.e. approximately 15 Sv) transported back to the ocean through precipitation. The ocean-to-land transport is computed to be around 2
Sv, while the land-to-ocean atmospheric water transport is approximately 1 Sv. The difference between them (i.e. 1 Sv) is the
same as the net ocean-to-land water transport through the atmosphere one might obtain from an Eulerian point of view. The net
10
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Figure 6. The average residence time (days) of the atmospheric waters travelling from the surface evaporative regions (red contours) to the
precipitation areas (blue contours) in Fig. 2. This residence time was calculated from the points where net evaporation exceeds a monthly
mean value of 0.2 mm/day.
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land evapotranspiration is calculated to be around 4.6 Sv and 72% of this (i.e. around 3.3 Sv) goes into terrestrial precipitation.
Note that this net evaporative and precipitating transports should underestimate the earlier Eulerian estimates (Trenberth et al.,
2007). This since in the present study, atmospheric water is traced from the net evaporation (E - P >0) to the net precipitation
points (E - P <0) and not from the total evaporation (E) to the total precipitation (P). The computation of the vertical mass
transport of atmospheric water in the present study omits diffusive atmospheric water transport, specific rain and snow water
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content and thus leading towards an overestimate of the net evaporative and precipitating transports as compared to the total
evaporation and precipitation estimates from previous studies, e.g. Trenberth et al. (2007). At any given time, the instantaneous
net evaporation (E - P > 0) and total evaporation might roughly be the same, if assuming that evaporation and precipitation
cannot coexist at the same time but the present study uses 6-hourly cumulative net freshwater transport.
4
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Discussion

One of the most striking and robust features of climate change is the acceleration of the atmospheric water cycle branch,
which is associated with the temperature increase of the lower troposphere. In order to gain a detailed understanding of the
future atmospheric water cycle and its importance, one should know the intricacies of the present-climate water cycle in the
atmosphere. Although earlier studies were able to provide a quantification of the global atmospheric water cycle but they
11
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Figure 7. A sketch of the atmospheric water exchange between the Global Ocean and land. The top panel shows the Eulerian understanding of
the hydrologic cycle, while the bottom panel elaborates the intricacies of the water movement that can only be obtained using a Lagrangian
framework. The upward and downward arrows represent net evaporation and net precipitation transport respectively. Note, the numbers
presented here are the crudely estimated transports and have not been used for any quantification.

missed a lot of detailed and important information which is essential to explain variations in continental water availability and
220

near surface ocean salinity asymmetries. For instance, the global ocean-to-ocean, total ocean-to-land, total land-to-ocean and
land-to-land water transport through the atmosphere were not quantified previously. Thus the global picture of the atmospheric
water movement was incomplete. These shortcomings were overcome in the present study using a novel Lagrangian framework
and presented a complete synthesised and quantitative view of the atmospheric water cycle. This Lagrangian methodology used
in the present study made it possible to trace the atmospheric water transport from the evaporation to the precipitation regions
12
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within and between the different ocean basins and land. Earlier studies focused more on the regional or basin-scale surface
water budget analysis (Alestalo, 1983; Yoon and Chen, 2005; Shi et al., 2014; Zheng et al., 2017; Liu et al., 2018), which could
be viewed as a few pieces of a big puzzle. Only a handful of studies were able to put forward a quantitative and synthesized
view of the global atmospheric water cycle (Chahine, 1992; Browning and Gurney, 1999; Trenberth et al., 2007, 2011). The
atmospheric water transport quantification between two primary water reservoirs, e.g. ocean and land, is a straightforward
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issue to address. The residual between the integrated evaporation and precipitation over the ocean should be the net ocean-to
land transport and must be returned to the ocean as runoff. The water-mass conservation yields that this runoff should then be
equal to the difference between the integrated evapotranspiration and precipitation over land. This concept has been elaborately
demonstrated in Fig. 7 (top panel) and frequently been used previously in global quantification of the atmospheric water cycle.
The Eulerian method suffers, however, from limitations as it can not provide any information about how much of the ocean/land

235

evaporated water precipitates over the ocean/land itself and is transported to the land/ocean. However, these constraints were
overcome in the present study by using atmospheric water trajectories (Fig. 7, bottom panel). For example, in previous studies
the net ocean-to-land water transport through the atmosphere was estimated to be around 1 Sv using the Eulerian method. This
1 Sv is practically the difference between the ocean-to-land (≈2 Sv) and land-to-ocean (≈1 Sv) transport, which is quantified
in the present study and can only be obtained by applying a Lagrangian viewpoint.
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The Lagrangian methodology that has been used in earlier studies was based on tracing humidity changes along air-particle
trajectories and focused, in particular, on isolated aspects of the atmospheric hydrologic cycle, e.g. only ocean to river basin
transport, land-to-land transport or some extreme precipitation events (Stohl and James, 2004, 2005; Van der Ent et al., 2010)
and was thus unable to provide a complete picture of the global atmospheric hydrologic cycle. The tracing of humidity change
along air mass trajectories might seem to be the obvious way to track water in the atmosphere, but this becomes as complex
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as integrating a general circulation model itself. In addition, these air-mass trajectories cannot start and end at the surface
since there is no air transport through the surface. In order to trace the atmospheric water it is necessary to start and end the
trajectories at the surface because atmospheric water has a transport through the surface due to evaporation and precipitation,
a feature which has been possible to incorporate using the presently employed Lagrangian framework. The sorting of the
atmospheric water trajectories based on their starting and ending positions made it feasible to construct a map that shows
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the geographic connection of the atmospheric water transport from the evaporative regions to the precipitating areas (Fig.
2). It also reveals the integrated meridional, zonal and vertical transport pathways (Fig. 3, Fig. 4 and Fig. 5 respectively) of
atmospheric water that travels within and between the defined ocean basins and the landmass. Further, an average atmospheric
water residence time was presented (Fig. 6) which shows how long evaporated water from a particular location remains in the
atmosphere before precipitating.

255

In a warmer climate the atmospheric water transport is expected to be enhanced, which has far-reaching consequences. An
extension of the present study could be to repeat a similar investigative strategy for future climate scenarios and identify how
the atmospheric water transport within and between ocean basins and the landmass will change with respect to the present
climate. The results could provide a detailed understanding of the future ocean salinity asymmetries as the ocean salinity is
closely tied to the surface evaporation and precipitation, which are the starting and ending points of the atmospheric water
13
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transport. Note that observational evidence of the oceanic salinity change already indirectly indicates a strengthening of the
atmospheric branch of the water cycle (Durack and Wijffels, 2010). Additionally, future precipitation availability over the
continents and the variability associated with it can also be mapped beforehand, and thus will be helpful for making strategies
for the policymakers. The outcome of the present study is essential before pursuing any future climate studies regarding the
global atmospheric water cycle as it provides a complete global view of water transport through the atmosphere, which was

265

missing earlier. The present study can be used as a springboard to launch and address future water-transport issues.

Code and data availability. The Lagrangian trajectory model TRACMASS v7.0 can be freely downloaded from https://doi.org/10.5281/
zenodo.4337926. The ERA-Interim data at model levels are available from the ECMWF (https://www.ecmwf.int/en/forecasts/datasets/
archive-datasets/reanalysis-datasets/era-interim) The trajectory model TRACMASS outputs that are used to plot the figures are freely accessible at https://doi.org/10.5281/zenodo.5549573. The analysis scripts are available on request from the corresponding author.
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