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A Lagrangian Perspective on the Atlantic and Pacific
Precipitation-Evaporation Asymmetry
P. M. Craig!

, D. Ferreira! (©/, and J. Methven!

'Department of Meteorology, University of Reading, Reading, UK

Abstract Total precipitation minus evaporation (P — E) for the Atlantic is negative while it is
approximately neutral for the Pacific. This has frequently been attributed to westward Atlantic-to-Pacific
moisture flux across Central America. However, this Eulerian perspective has limited scope as it does not
consider the origins of the water crossing ocean drainage basin boundaries and the possibility that it has remote
sources. By using an airmass trajectory model, we take a Lagrangian approach to investigate the origin of the
moisture contributing to fluxes, Q,, across these boundaries. Q, is partitioned into contributions from each
basin, the stratosphere and trajectories not assigned an origin. The total Q, across each basin boundary are
mainly composed of contributions from the two adjacent basins while remote or stratospheric origins make
small contributions. Partitioning Q, shows that the atmosphere exports ~1 Sv water vapor from the Atlantic,
Indian and Pacific basins with a similar quantity imported to the Pacific. However, Atlantic and Indian
atmospheric imports are ~0.5-0.6 Sv. Normalizing by drainage basin perimeters reveals that the import to
these basins is half as efficient as Pacific import. Partitioning P — E into contributions from other basins shows
that Pacific moisture import is dominated by trajectories with Indian basin origin (~38%, or 0.43 Sy, of total
Pacific import). The import is greatest in boreal summer due to the Asian monsoon flow and stronger westward
flux across Central America. These anomalies dominate the difference in annual imports between the Pacific,
Atlantic and Indian basins.

Plain Language Summary Precipitation and evaporation are approximately balanced across the
Pacific Ocean drainage basin while the Atlantic and Indian basins have surpluses of evaporation. This has
previously been explained by strong westward atmospheric moisture transport from the Atlantic across Central
America to the Pacific in the trade winds. However, this hypothesis does not account for moisture that is
transported from remote sources. We have used an airmass trajectory model to calculate pathways of moisture
for 14 days prior to arrival at the ocean drainage basin catchment boundaries and determine the origins of
moisture crossing the boundaries then partition the cross-boundary moisture flux into contributions from each
ocean basin. We find that most of the cross-boundary flux is explained by contributions from the two basins
directly adjacent to the boundaries and remote sources are negligible in comparison. Partitioning the moisture
fluxes also shows that the Atlantic, Indian and Pacific basins export similar quantities of moisture but the
atmosphere imports less moisture to the Atlantic and Indian basins. Moisture with origin from the Indian basin
makes up 38% of the moisture imported to the Pacific. This mainly occurs in boreal summer and shows the role
of the Asian Summer Monsoon.

1. Introduction

Atmospheric moisture transport between ocean basins plays an important role in maintaining the contrasting
atmospheric moisture budgets (precipitation minus evaporation; P — E) between the Atlantic, Pacific and Indian
Oceans. The Pacific has an approximately neutral budget (P — E = 0) while the other two show strong net evapo-
ration (Craig et al., 2017, 2020). These characteristics have been linked to the asymmetries in sea surface salinity
(SSS) and meridional overturning circulations (MOC). Briefly, the larger net evaporation over the Atlantic drives
higher SSS in that basin than in the Pacific, notably at high latitudes. The higher SSS, hence denser surface
waters, favor deep water formation in the subpolar North Atlantic as part of the Atlantic MOC. There is no analog
in the subpolar North Pacific where there are comparatively fresher and lighter surface waters (Broecker, 1991;
Ferreira et al., 2010, 2018).

Previous studies have assessed the link between inter-basin atmospheric moisture fluxes and the P — E (over-
bar denotes time mean) asymmetries from an Eulerian perspective. Notably, many studies have focused on
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Atlantic-to-Pacific water vapor flux across Central America, sometimes more specifically on the Isthmus of
Panama, as a key ingredient of the large P — E contrast between the Atlantic and Pacific (Broecker, 1991;
Leduc et al., 2007; Lohmann, 2003; Schmittner et al., 2011; Sinha et al., 2012; Wang et al., 2013; Zaucker &
Broecker, 1992). Craig et al. (2020), however, showed that atmospheric moisture flux across Central America is
close to the zonal mean zonal moisture flux: in that sense, it is not anomalous and cannot contribute to the zonal
asymmetry between the Atlantic and Pacific. Instead, it is the westward Indian-to-Pacific moisture flux over
South-East Asia associated with the Asian Summer Monsoon that deviates substantially from the zonal mean and
causes anomalous moisture transport into the Pacific basin, resulting in strong area-averaged precipitation (Craig
et al., 2017) and neutral P — E.

The Eulerian approach to understanding the P-E asymmetries does not account for the origin of moisture.
Arguments focusing on moisture transport across Central America assume (either explicitly or implicitly) that
moisture evaporated from the Atlantic is transported across Central America in the easterly trade winds and falls
as precipitation across the Pacific. While this may be largely true, the possibility for long range atmospheric
moisture transport from the Indian or Southern Oceans is not discussed, and neither is moisture which evaporated
from the Pacific and advected all the way back to its source basin via the global circulation. Furthermore, such
arguments focus on the time-mean perspective with the easterly trade winds crossing Central America and west-
erly advection at mid-latitudes. Craig et al. (2020) (Supporting Information) showed that, while the monthly mean
flow dominates low latitude atmospheric moisture flux, there are also substantial contributions from sub-monthly
fluxes to the climatological atmospheric moisture budgets of each ocean drainage basin in the mid- to high lati-
tudes. These sub-monthly fluxes are associated with complex pathways, such as recirculation across boundaries
and westerly fluxes above Central America.

Most notably, the sub-monthly fluxes contribute a net export from the Pacific, a negative contribution to P — E
(—0.46 Sv, 1 Sv = 10 kg s™"), almost counteracting the positive P — E contribution from the monthly mean
flow. Craig et al. (2020) also highlighted the importance of the seasonal cycle in the P — E asymmetries by
showing that the contrast in budgets between the basins is greatest in the northern hemisphere summer when the
Atlantic and Indian basins reach their peak negative P — E and the Pacific basin reaches peak positive P — E.
The Lagrangian approach introduced here takes other key mechanisms of atmospheric moisture transport into
account (e.g., transient fluxes associated with large-scale weather systems, monsoon systems (Baker et al., 2015)
and low-level jets (LLJs; Marengo et al., 2004; Nicholson, 2016; Whyte et al., 2008)) that may influence the
P — E asymmetries, and also long range transport between remote ocean basins that are not directly adjacent to

catchment boundaries.

There are only three previous studies that specifically address the P — E ocean basin asymmetries using Lagran-
gian techniques. Stohl and James (2005), using 10 days forward trajectories from each ocean basin, concluded that
air from the North Pacific produces negative P — E over the North Atlantic and that air from the Indian Ocean
“produces” positive P — E over the Pacific. Singh et al. (2016) used numerical water tracers to investigate how

the moisture budget and salinity asymmetry amplify with global warming; they find that, with warmer tempera-
tures, enhanced Atlantic-to-Pacific atmospheric moisture transport is due to greater distances between the source
and sink regions and that moisture residence time increases. Using a Lagrangian trajectory model that traces
atmospheric water mass flux, Dey and D66s (2020) found that atmospheric moisture transport in the midlatitude
westerlies across “Afro-Eurasia” contributes 0.4 Sv to midlatitude Pacific precipitation compared to 0.26 Sv from
the easterly trade winds. However, Dey and Do66s (2020) did not discuss the role of the Indian Ocean and the
Asian Summer Monsoon highlighted in other studies (Craig et al., 2020; Czaja, 2009; Emile-Geay et al., 2003;
Ferreira et al., 2018).

There are several studies that have used Lagrangian methods to trace precipitation origins on a global scale (Dey
et al., 2023; Gimeno et al., 2010; van der Ent & Savenije, 2013). Despite using very different methods, these
global studies show that most of the Atlantic Ocean provides moisture for continental precipitation. However, van
der Ent and Savenije (2013) found that only narrow regions of the eastern Pacific Ocean provide significant mois-
ture for continental precipitation (>250 mm year~! ocean evaporation is transported to the continent), whereas
Gimeno et al. (2010) identified both northern and southern Pacific subtropical highs as major source regions.

Overall, this suggests that much of the evaporated moisture rains out before reaching land due to the width of
the basin. The relative widths of the Atlantic and Pacific basins was suggested as a contributing factor (Ferreira
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Figure 1. (a) Annual mean (2010-2014) ERA-Interim vertically and horizontally integrated moisture fluxes (Q,) normal to the catchment boundaries (solid black
lines) in Sv. The values in boxes show P — E are the sum of the surrounding Q, in Sv using Equation 3. The black circles (labeled A, B, C, D, E, and F) indicate the
nodes of the Arctic and Southern Ocean catchment boundaries where they meet the American, African and South-East Asian catchment boundaries and the black
diamonds show where the catchment boundaries are split into segments based on either geographical reasons or the change in net direction of Q,. The dashed black line
in panel (a) is the northern boundary of the Central Asian endorheic basin. (b) Vertically integrated moisture fluxes in kg m~! s~! (see bottom left for scale). The color
shading indicates the annual mean vertically integrated moisture flux divergence from Equation 2 (in m year™").

et al., 2010; Schmitt et al., 1989; Wills & Schneider, 2015), with the greater width of the Pacific basin resulting
in low levels of moisture export by the atmosphere—a point to be addressed in this study.

Here, we aim to improve the understanding of the moisture transport between ocean drainage basins, specifically
addressing the following questions:

1. Does the moisture flux crossing the catchment boundaries have origin in neighboring basins or are there
substantial remote sources?

2. How can the P — E asymmetry between ocean basins be understood using the trajectories?

3. What are the key dynamical processes affecting the P — E asymmetry?

To address these questions, we propose a different approach to previous studies. Rather than attempting to directly
link precipitation distributions over each ocean drainage basin to moisture origins, we release back trajectories
from the catchment boundaries of the ocean drainage basins (Figure 1a) to find the origins of the water contribut-
ing to the moisture flux (Sections 2.3 and 2.4). This approach permits the separation of the total moisture fluxes
into entering and leaving contributions as well as the partition of the flux into contributions from each drainage
basin. The effect of these contributions on basin-wide precipitation and the atmospheric moisture budget is then
inferred through conservation of moisture (see Section 2.2). With this approach we can establish whether the
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anomalous water vapor flux crossing the Southeast Asia catchment boundary into the Pacific basin during the
Asian Summer Monsoon (Craig et al., 2020) mostly originates in the Indian Ocean basin or has some substantial
contribution from remote ocean basins.

2. Methods

A Lagrangian approach was taken to partition the fluxes of atmospheric moisture across catchment boundaries
into contributions of water from different origin basins using re-analysis wind data to calculate air mass back
trajectories and to determine specific humidity along those paths. The data used in this study are described in
Section 2.1, followed by the moisture budget equations in Section 2.2 with the trajectory model and calculations
described in Section 2.3. The criteria for assigning moisture origins are defined in Section 2.4 and the trajec-
tory integration time is justified in Section 2.5. The calculation for kernel density estimation are presented in
Section 2.6.

2.1. Data

We use six-hourly data from the ECMWF Reanalysis - Interim (ERA-Interim) reanalysis from the European
Center for Medium Range Weather Forecasts (ECMWF) for the years 2010-2014 (Dee et al., 2011). We have
used only 5 years since the interannual variability of basin-scale P — E is relatively small (Craig et al., 2017) and
the required of number of trajectories per year (~20.3 million per year) constrains the scale of the calculation.
ERA-Interim uses a 4D-VAR data assimilation scheme with 12-hourly analysis cycles which combine observa-
tions with prior information from the model. The spectral data are output by the ECMWF forecast model (Inte-
grated Forecasting System) and transformed onto a reduced N128 Gaussian grid and 60 hybrid 7 model levels
(Simmons & Burridge, 1981).

2.2. Moisture Budget Calculations

The vertical integral of moisture flux normal to catchment boundaries surrounding the ocean drainage basins is
calculated at points along the boundaries by the following integral:

1 /! ap
0, = —/ w02y, )
& Jo on

where fi is the unit vector normal to the boundary, v is the horizontal wind vector, ¢ is specific humidity, # is the
ERA-Interim vertical co-ordinate, p is pressure, g is acceleration due to gravity and the overbar denotes a time
mean. The integral of Q, along a catchment boundary between any two points X and Y (Figure 1a) is expressed

as Oy,

The atmospheric moisture budget at a point is obtained from the vertical integral of the mass continuity equation
for water vapor (Berrisford et al., 2011; Craig et al., 2017):

1
1/ v.5vPan=E—-P, @
8 Jo on

where the storage term for total column water vapor has been omitted since it is orders of magnitude smaller
than the divergence term on long time scales (Craig et al., 2017; Trenberth et al., 2011). Using the Divergence
Theorem on Equation 2 for an ocean drainage basin, the domain-integrated £ — P can be related to the fluxes
through the drainage boundary:

1

— ,0p
E—-P=- qv-fi—dndl = ) QOxy, 3
g#ov on ; ©

where 0V is the boundary of the drainage basin and d! is the elemental length along the boundary. By convention,
i is inward pointing and a moisture flux entering a drainage basin is counted positive. In the last equality of
Equation 3, the sum is calculated on the all XY segments surrounding a drainage basin. The power of Equation 3

CRAIG ET AL.

4 of 22

5U8011 SUOWILLOD BANERID 3|qedl dde au) Aq pauseAob a1 SILE WO 88N J0 S3INI 04 ARIGIT BUIIUO ABIA UO (SUOIPUIOD-PL-SWLBIWI0D" B 1M ARG [eu JU0//Sd1L) SUORIPUOD pUe SWwie 1 8y} 885 *[£202/2T/02] U0 AreiqiTauliuo A1 ‘oL Aq Z806E0ACEZ0Z/620T OT/I0PALI0Y" A3 1M AReiqiujuosgndnBe//Sdiy Woiy papeojumoq ‘+z ‘€202 ‘96686912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/2023JD039087

is that any decomposition of Q,, using the Lagrangian approach (e.g., origin, entering/leaving) can be projected
onto contribution to the basin scale P — E.

2.3. Trajectory Model

The Reading Offline Trajectory (ROTRAJ) model (de Leeuw et al., 2017; Methven, 1997; Methven et al., 2001)
is used to calculate back trajectories from the catchment boundaries surrounding the five ocean drainage basins
(Craig, 2019). ROTRA]J calculates trajectories offline by integrating the trajectory equation,

Dx

— =ux,1), 4

Dr x,1) “
with a fourth order, four stage Runge-Kutta method (Press et al., 2003) using ERA-Interim spectral data on the
full Gaussian grid.

Atmospheric variables required for the diagnostics are interpolated to the trajectory location at 6 hr time step
using bilinear interpolation in the horizontal direction, cubic vertical interpolation and linear time interpolation
(Methven, 1997). These are specific humidity g, potential vorticity (PV), pressure p, boundary layer (BL) height
zg, and temperature 7, zonal wind u, meridional wind v and surface pressure p_ .

2.4. Defining Moisture Origins

We follow de Leeuw et al. (2017) to define the moisture origin of an air mass trajectory by the location of last
increase in water vapor mixing ratio through rapid vertical mixing connected with the surface beneath. The
rationale is that in a well-mixed BL, or capping cloud layer, the turbulent mixing is rapid within the column and
therefore the mixing ratio is reset, irrespective of the prior history of the air parcel. After this event, specific
humidity is close to conserved, since mixing is weak above the BL, unless saturation and condensation occurs
when the specific humidity must decrease. de Leeuw et al. (2017) define two origin categories (CAT I, II) differ-
ing in the type of mixing layer experienced.

CAT I origins occur when a trajectory last exits the turbulent BL. The ERA-Interim BL height (z, ) is defined
using the Bulk Richardson number (R;, ) where zy is the first level above the surface where R;,, > 0.25
(ECMWEF, 2015). This definition of z; only defines the dry BL height, which is approximately the same as
the cloud base height (von Engeln & Teixeira, 2013), so latent heat release is not accounted for. In unsaturated
conditions the virtual potential temperature (6,) is well-mixed (Emmanuel, 1994) so air properties at the trajec-
tory origin location are closely related to 6, temperature and humidity at the ocean surface beneath. de Leeuw
et al. (2017) present evidence on the link between moisture origin and the surface properties, as well as the tight
relationship between last exit from the BL and the maximum specific humidity along the trajectory. CAT I origins
are only assigned when a trajectory exits the BL above the ocean (as determined by the ERA-Interim land-sea
mask) in order to link moisture fluxes to oceanic moisture origins (Figure 2, blue dashed line). Therefore, if a
trajectory crosses the coast inside the BL it is assigned CAT I origin at the coast.

Trajectories which do not pass below z; may still experience mixing within the cloud layer above the dry BL
(Figure 2, green dashed line). A trajectory is assigned CAT II origin if the equivalent potential temperature, 6,
(Bolton, 1980), increases by at least 2.5 K over three consecutive 6 hr time steps with an accompanying increase
in g to exclude dry mixing (de Leeuw et al., 2017). Since 6, is well mixed in a moist BL, it is assumed that 8,
diagnosed at the origin location is approximately equal to 6, at the surface below. CAT II origins are permitted
to occur over land if the criterion is satisfied, as any regions with high convective activity and moisture recycling
are included (e.g., Amazon and Congo rainforests).

Trajectories which are released in the stratosphere or which have recently been in the stratosphere before arrival
(Figure 2) are assigned stratospheric origin. These trajectories are dry and do not contribute significantly to Q,. A
trajectory is diagnosed as being in the stratosphere if it is above the dynamical tropopause, that is, & > 350 K or
PV > 3 potential vorticity units (PVU; 1 PVU = 107% K m? kg~! s7!). Trajectories which fulfilled either of these
criteria were also checked to ensure their height above the surface exceeded 6 km to exclude low trajectories with
high PV in the BL or at high latitudes.
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—— CAT | —— stratosphere e
—— CAT Il — no origin H
1

Figure 2. Schematic showing the different trajectory origin categories: boundary layer (BL) origin (CAT I, blue), cloud
layer mixing (CAT II, green), stratosphere (purple) and no origin (black). The trajectory with CAT I origin is assigned origin
upon its last exit from the ocean BL (at location of dashed blue line). In this example the trajectory enters the BL above the
land after exiting the ocean BL before arriving at the catchment boundary (black dashed line). The trajectory with CAT II
origin experiences mixing in a cloud (dashed green line) above the top of the ECMWEF BL (dashed red line) where 6, and ¢
both increase. The trajectory with stratospheric origin exits the stratosphere (bounded by the tropopause, dashed purple line)
before arriving at the catchment boundary. The solid black lines at the catchment boundary are the # levels on which back
trajectories are initialized.

Trajectories that cannot be assigned one of CAT I, CAT II or stratospheric origins within the trajectory integration
time (Section 2.5) are categorized as having no origin (Figure 2). All trajectories with or without origin are used
to calculate O, using ¢ and v at the trajectory initialization time:

1
0
0,=- / GimoVieo - AL dn d. )
& Jo on

2.5. Trajectory Integration Time

While still a highly debated topic in the literature, estimates of the average residence time of water in the atmosphere
range between 4 and 10 days (Laderach & Sodemann, 2016; Trenberth, 1998; van der Ent & Tuinenburg, 2017).
Based on these, previous Lagrangian studies have typically used 10-day long trajectories, a time required to iden-
tify sources of moisture for precipitation. In the present study, we focus instead on atmospheric moisture fluxes
crossing the catchment boundaries of ocean drainage basins to partition it into contributions associated with
origin in the different ocean drainage basins.

To determine the optimal integration time for our purpose, we conduct a test experiment with 30-day back trajec-
tories from the American catchment boundary (Figure 1). Back trajectories are released from points along the
catchment boundaries approximately 75 km apart (Craig, 2019) on 17 evenly spaced 7 levels (from 0.95 to 0.15)
every 12 hr at 00 and 12 UTC over July 2010. Data are then output in pressure co-ordinates.

The proportion of trajectories which can be assigned an origin monotonically increases with the trajectory length
(Figure 3a). Initially, more trajectories have CAT II origin than CAT I but as the trajectory length increases beyond
8 days the number of trajectories with CAT II origins decreases. This is because CAT II origins are reassigned
to CAT I origins as trajectories make contact with the BL above the ocean and CAT I origins are prioritized over
CAT II origins (Section 2.4). Close inspection of Figure 3a reveals small fluctuations on the total, CAT I and CAT
II lines. These are caused by the diurnal cycle of BL height which peaks in daytime so more trajectories can make
contact with the BL. The fluctuations disappear with increasing integration time as the trajectories are spread out
across different longitudes and therefore less susceptible to the diurnal cycle of BL height.
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Figure 3. Evolution of (a) proportion of trajectories and (b) flux magnitude from trajectories with all origin types (red), CAT
I origins (blue), CAT II origins (green) and stratospheric origins (purple) as trajectory length is increased. These results are
averaged over trajectories released every 12 hr from the American catchment boundary (Figure 1) in July 2010. The sum of
the CAT I, CAT 1I and stratosphere lines is equal to the red lines in both panels.

We also compute the magnitude of the moisture flux explained by trajectories as a function of the integration
time:

1 .0
On = _ﬂ gi=0|V - i 2 dnd! (6)
8J) ov on

where ¢g,_ is specific humidity for each trajectory at the time the trajectory is initialized (i.e., at the time it crosses
the catchment boundary). The Lagrangian flux QF is then compared to the Eulerian flux Qy,. Results are shown
in Figure 3 as a percentage. The contribution to the moisture flux from trajectories with CAT I and II origins
largely dominates while the contribution from trajectories with stratospheric origin is very weak (less than 1%) as
these trajectories have very low g. Results in other months and on other catchment boundaries are broadly similar.

Based on these results, 14-day back trajectories were considered to be sufficient for the purposes of this study
due to the proportion of |Q,| (typically 85%) explained at this length. This is a compromise also based on the
storage space limitations and available memory for the trajectory calculations. Back trajectories are released from
the catchment boundaries surrounding each ocean drainage basin (Figure 1) throughout 2010-2014. The annual
mean atmospheric moisture budgets and the asymmetries between the Pacific and Atlantic/Indian Oceans over
this time period (Figure 1) are similar to the longer 36-year ERA-Interim climatology (Craig et al., 2020, their
Figure 1) with differences of less than 0.1 Sv in all basins. This is in line with findings of Craig et al. (2017)
who showed that the interannual variability of basin-scale P — E is small. While our analysis period is limited
to 2010-2014, we expect it has little quantitative impact on the basin-scale budgets of interest here, and on our
conclusions. Overall, there are 101,508,135 trajectories. A sample data set of the trajectories has been made
available at the University of Reading's Research Data Archive (Craig, 2023).

2.6. Kernel Averaging

Finally, to understand the trajectory origins, the density of origins, p(x), can be calculated using a smooth kernel
function, K(x), at all locations, x, within a 200 km radius of the trajectory origin x;:

1 n
px) == Z‘ Ki(x) ©)

where n is the number of trajectories (Hodges, 1996; Silverman, 1986) and p(x) has units of trajectories stera-
dian~! month~! (steradian is the unit a solid angle). This method is not sensitive to the map projection and gives
a smoother field than a 2D histogram (Methven et al., 2001).

To understand how the trajectory origin density fields relate to Q,, the density fields from Equation 7, p(x), are
weighted by the flux density contribution from each trajectory F; = (1/g)qv - idpdl, where dp is the pressure
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Figure 4. Trajectories released from (a) the African catchment boundary at 00 UTC on 11 January 2014 with Atlantic origin, (b) the South-East Asian catchment
boundary at 00 UTC on 30 June 2014 with Indian Origin, (c) the American catchment boundary at 00 UTC 30 June 2014 with Atlantic origin and (d) the American
catchment boundary at 00 UTC on 11 January 2014 with Pacific origin. Trajectories are colored by their pressure at release from the catchment boundary (p,_,) and
the entire 14-day paths of the trajectories are shown even when their origins are much closer to the catchment boundaries. CAT I (crosses) and CAT II (circles) origin
locations are also shown. The catchment boundaries are shown in light blue.

difference between 5-levels and d!/ is the distance between points along a catchment boundary, to relate the contri-
bution to humidity flux across a catchment to a map of origin locations:

0.(x) = )\ F Ki(x). ®)
i=1

3. Density of Trajectory Origins

The trajectory origins of four trajectory release case studies (Figure 4) show that most trajectories have CAT I
origin on or close to the catchment boundaries from which they were released. Many CAT I origins are also found
along the coasts of the continent their catchment boundary lies on when zy; is low during the night (Figure 4a).
Many CAT I origins can also found further away from the catchment boundaries if their trajectories are released
at higher altitudes with the air transported in the northern hemisphere storm tracks above 600 hPa (Figures 4a
and 4d). CAT II origins can be found in regions where mixing and convection occur such as the storm tracks at
low latitudes. In regions where zg; is very high and there are high levels of convective activity, such as the Mari-
time Continent, most origins (of both types) appear to occur along the catchment boundary (Figure 4b).

3.1. Number Density

Origin densities are greatest close to, or in the vicinity of, the catchment boundaries where the density often
exceeds 150 trajectories steradian~! month~! (Figure 5). This is particularly the case where the boundary crosses
open ocean or is near the coast (e.g., South-East Asia) since CAT I origins are permitted if a trajectory is released
inside the BL above the ocean (Figure 2). There are clear coastal maxima in some locations for trajectories
released from specific catchment boundaries: along the South American Atlantic coast for the Americas and
Southern Atlantic boundary, the East African coast for the African boundary, Canada's Pacific coast for the Arctic
Atlantic and Pacific boundaries, the Middle East and South Asian coasts for the Arctic Indian boundary, and the
East Australian coast for the Southern Indian and Pacific boundaries. This is a result of coastal outflow where the
BL height is greater above land than above the ocean (Dacre et al., 2007; Peake et al., 2014).
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Figure 5. Annual mean (2010-2014) density maps of all origins of trajectories released from each catchment boundary (shown in light blue on each map). Units are

trajectories steradian™! month~'.

Neighboring basins dominate the proportions of trajectories with an assigned origin from each catchment bound-
ary (Table 1). Although trajectories with no assigned origin in 14 days have the greatest proportion in all but
one catchment boundary (Arctic Atlantic), they contribute little to Q, (Figure 3b). When they are discounted, the
trajectories with origin in the two neighboring basins generally account for the majority of the remaining trajecto-
ries. For example, trajectories with origin in the Atlantic and Pacific basins account for 57.8% of the total trajecto-
ries released from the American catchment boundary (88.8% when discounting the trajectories with no origins).

Each sector of the Arctic catchment boundary has a substantially greater proportion of trajectories with strat-
ospheric origin, with nearly one quarter of trajectories released from the Atlantic sector having stratospheric
origin. This is because lower altitude of the tropopause at these latitudes combined to its downward sloping which

Table 1

Proportions of Trajectories as Percentages (Rounded to One Decimal Place) Released From Each Catchment Boundary With Origin in the Atlantic, Indian, Pacific,

Arctic and Southern Drainage Basins, Stratosphere or Without Origin in 14 Days

Boundary (XY) n (x10%) Atlantic Indian Pacific Arctic Southern Stratosphere None
Americas (EF) 9,626 29.6 0.6 28.2 0.4 0.2 6.1 34.9
Africa (AB) 13,290 21.0 23.1 3.1 0.3 2.1 2.8 47.7
South-East Asia (CD) 10,247 1.5 29.6 32.6 0.4 0.6 1.1 342
Arctic Atlantic (EA) 12,234 28.1 0.5 12.1 7.8 0.0 24.6 26.9
Arctic Indian (AC) 6,396 16.0 15.7 3.6 6.6 0.0 12.8 453
Arctic Pacific (CE) 13,662 9.7 22 22.7 11.5 0.0 23.0 30.8
Southern Atlantic (FB) 11,449 26.7 0.9 12.2 0.0 16.4 0.8 429
Southern Indian (BD) 11,427 7.9 20.5 7.0 0.0 18.0 1.2 454
Southern Pacific (DF) 13,165 2.9 6.4 27.5 0.0 17.6 1.6 44.1
Note. The number of trajectories n for each catchment boundary is shown in the second column. All percentages are rounded to one decimal place.
CRAIG ET AL. 9 of 22
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Figure 6. Annual mean (2010-2014) flux-weighted density maps of all origins of trajectories released from each catchment boundary (shown in black on each map).
Red/positive contours indicate moisture flux in a net northward/eastward direction and blue/negative contours indicate moisture flux in a net southward/westward

direction. Units are 103 kg s~! steradian~"'.

1

permits air to cross into the stratosphere. In the Indian sector, the high altitude of the Himalayas also results in a
higher proportion of trajectories released closer to the tropopause.

3.2. Flux-Weighted Density

Flux-weighted densities are generally high close to the catchment boundaries, with patterns primarily reflecting
those of the origin density maps (Figure 5). However, significant differences are notable, such as the disappear-
ance of the South Atlantic subtropical high between Figures 5h and 6h. The effect of coastal outflow can also been
seen, particularly around South America (Figures 6a and 6g) where Q,(x) is strong along the coast. The southern
hemisphere subtropical highs can be identified as approximately triangular regions with 1Q (x)| < 20 x 10% kg™!
steradian~! east of regions with strong Q, (x) (Figures 6g—6i). The North Pacific subtropical high can be identified
as the region of Q,(x) < 20 x 103 kg~! steradian~! in Figure 6a, west of South-West North America where the
annual mean moisture flux is parallel to the coast (Figure 1b).

Starting from the North, the moisture import to the Arctic is dominated by the North Atlantic and North Pacific
storm tracks (wedges of high Q (x) across the widths of the basins in Figures 6d and 6f), demonstrating that
Arctic precipitation is mostly associated with transient moisture fluxes (Craig et al., 2020; Gimeno et al., 2019;
Vazquez et al., 2016). Across the Indian sector of the Arctic catchment boundary, northward Q,(x) is greatest
around the Arabian peninsula corresponding with regions of high z;; and highly evaporative seas. The greatest
contributions to moisture leaving the Arctic basin are found along the small section of the catchment boundaries
that are north-south orientated and where westerly winds prevail.

The North Pacific storm track imports moisture into the Atlantic basin across North America and the North
Atlantic storm track exports moisture across Europe (Figures 6a and 6f). High values of Q,(x), associated with
westward Q, across Central America, are found in the Caribbean Sea and tropical North Atlantic Duran-Queseda
et al. (2010) (Figure 6a). This shows that Atlantic-to-Pacific moisture transport across Central America does
indeed have primary origin in this region (Broecker, 1991; Leduc et al., 2007), although this methodology cannot
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directly link this flux to the location of precipitation. Note also the small import of moisture across Asia with
potential origin in the North Atlantic storm track (Figure 6f). However, our analysis gives a weaker flux in the
mid-latitude westerlies into the Pacific than the 0.4 Sv obtained by Dey and D66s (2020).

In the South-East Asian catchment boundary, there is a narrow band of very low Q, (x) off the East African coast
and the Arabian peninsula highlighting the Somali Low Level Jet's (SLLJ) path (Figure 6¢). The greatest Q,(x)
for trajectories released from the South-East Asian boundary with Indian Ocean origin is found across the Bay of
Bengal from trajectories released from the South-East Asian catchment boundary, and east of Madagascar from
trajectories released from the Indian sector of the Southern Ocean catchment boundary.

High Q,(x) are found in the poleward part of the southern hemisphere subtropical highs (Figures 6g—6i). The
contrasting shapes of these regions are a result of different atmospheric circulation patterns linked to the differing
widths of each basin (Wills & Schneider, 2015). Moisture fluxes leaving the Southern Ocean basin have greatest
0 (x) close to the catchment boundary but O (x) < 10 kg s~ steradian~! are found around the Southern Ocean
and much of the southern hemisphere.

4. Partitioning Moisture Flux Into Origin Basins

The trajectories can be used to partition Qy, across one catchment boundary intro contributions (Q;) from each
drainage basin (Figure 1), from the stratosphere (Str) and from trajectories with no assigned origin (none):

Qxr = Ofy + Qfif + 05 + 0} + 035 + O3 + O3y ©

The fluxes can be calculated either directly from trajectory model output or calculating area-integrals of each
0,(x) (Figure 6). The contribution from Qf(’)’, (Figure 7, cyan bars) is negligible even for the Arctic which has the
greatest proportion of trajectories with stratospheric origins (Table 1). The “no-origin” Q°" contributions (white

bars) are substantially greater than Q"7 but still relatively small compared to Q.

S
XY
O,y for the American, African and South-East Asian catchment boundaries are dominated by Q,(x) from the two
drainage basins directly adjacent to each catchment boundary. Typically, the westward contribution to the flux
is larger than the eastward contribution by a factor of 2-3. The South-East Asian boundary, however, exhibits
an inverse result: net Q -, is dominated by eastward Q[
Americas and Africa, while the westward Qg“; is comparable to the westward fluxes across the Americas and
Africa. These results agree with Craig et al. (2020) who showed that Q,, is eastward across South-East Asia,
in contrast to the westward zonal moisture flux seen at other latitudes. This Lagrangian analysis shows that this

contrast can be further attributed to an anomalously large eastward flux across South-East Asia.

3—4 times stronger than the eastward fluxes across the

Moisture fluxes across each sector of the Southern Ocean boundary are dominated by Q)S("Y" and Q' , from the
ocean to the north. Contributions from other basins, albeit small, are larger than for the three meridionally orien-
tated boundaries. The third largest contribution to Q,, for each sector comes from the drainage basin to the west
of each sector due to the strong westerlies in the mid-latitude southern hemisphere, although the sign of this
contribution is negative for the Indian sector and positive for the two other sectors. The proportions of trajecto-
ries from the tertiary source basin are not insignificantly small (Table 1) but the low Q', ,, for the tertiary sources
implies these trajectories have low ¢ upon arrival at the catchment boundary.

5. Understanding P — E Asymmetries From Trajectory Data

The Q' flux is also used to understand P — E using Equation 3 for each drainage basin (Figure 8). The esti-
mates from trajectory model output agree reasonably well with the Eulerian estimates of Q,, and P — E over
the same period (Figure 1). The Atlantic, Pacific and Arctic P — E from trajectory model output are very close
to the values presented in Figure 1. The contrast between the Atlantic and Pacific P — E (0.44 Sv) is slightly
underestimated compared to Figure 1 (0.48 Sv) but remains within error bars calculated from a range of data
sources (Craig et al., 2017).

CRAIG ET AL.

11 of 22

5U8011 SUOWILLOD BANERID 3|qedl dde au) Aq pauseAob a1 SILE WO 88N J0 S3INI 04 ARIGIT BUIIUO ABIA UO (SUOIPUIOD-PL-SWLBIWI0D" B 1M ARG [eu JU0//Sd1L) SUORIPUOD pUe SWwie 1 8y} 885 *[£202/2T/02] U0 AreiqiTauliuo A1 ‘oL Aq Z806E0ACEZ0Z/620T OT/I0PALI0Y" A3 1M AReiqiujuosgndnBe//Sdiy Woiy papeojumoq ‘+z ‘€202 ‘96686912



A ,
A\IV Journal of Geophysical Research: Atmospheres 10.1029/2023JD039087

ADVANCING EARTH
AND SPACE SCIENCES

(a) Americas (b) Africa (c) South-East Asia

None | EEH Total
s I Atlantic
trat. Hl Indian

Southern 1 HEM Pacific
Arctic

Pacific 1

Indian A

Total 4

|
-

J [' I Arctic
I Southern
l [ Strat.
b ' [ None
l

D ]
|
I
I

iII_-__D

-04 -0.3 -0.2

-0.1

0.0 0.1 02 -04 -03 -0.2 -01 0.0 0.1 0.2 -04 -0.2 0.0 0.2 0.4 0.6

(d) Arctic Atlantic (e) Arctic Indian (f) Arctic Pacific

L e 0S| 0
Strat. 1 I 1 1 |
Southern - | 1 | 1 |
Arctic - 1 . T -

Pacific A - b I b -
Indian 1 I b . b l
| 0 - 0

C# ] [ ] B
-0.2 —(').1 010 011 0.2 -0.2 —(').1 OZO 011 0.2 -0.2 —(').1 010 011 0.2
(g) Southern Atlantic (h) Southern Indian (i) Southern Pacific

None -
Strat. q
Southern -
Arctic
Pacific A

Indian A

Total 4

I
I
|
|
|
adiantic | -
T

I_III:]

-04 -0.3 -0.2

-0.1
Sv

00 01 02 -04 -03 -02 -01 00 O01 02 -08 -06 -04 -02 00 02 0.4
Sv Sv

Figure 7. Vertically and horizontally integrated Q,, (2010-2014) on each catchment boundary partitioned into origin drainage basins (Atlantic, Indian, Pacific, Arctic,
Southern), the stratospheric contribution and trajectories with no assigned origin. The sum of these seven Q' | is equal to the total Qy, (gray bars). All values are in
Sverdrups (Sv). The error bars represent standard error of the mean. Positive fluxes represent moisture flux in a net eastward/northward direction and negative fluxes
indicate moisture flux in a net westward/southward direction as labeled in panel (e).

The calculation on the trajectory arrival grid underestimates Indian Ocean P — E by 0.13 Sv. This appears to be
mainly due to underestimation of Q, . This is likely caused by two factors:

1. Diurnal Aliasing: trajectories are only released twice daily at 00 and 12 UTC (Section 2.3) but maximum zg;
occurs between 15 and 18 UTC over Africa (Korhonen et al., 2014; Marsham et al., 2013). Therefore many
trajectories were not calculated that could have been released in the BL at 18 UTC. The Turkana LLJ is also
weakest at 12 UTC and strongest between 00 and 06 UTC (Nicholson, 2016), so some of the maxima in this
region may not have been captured.

2. Vertical Subsampling: the vertical integrals of qu and gv cannot capture the near-surface and low-level
flow given too large dp weighting due to the relatively coarse vertical resolution of the trajectory releases
(Section 2.5). This systematically occurs along all catchment boundaries where Q, peaks in low-lying regions
(Figure 9b).

Southern Ocean P — E is also underestimated by the calculation on the trajectory arrival grid (Figure 8) compared
to Figure 1a. This occurs all the way round the Southern Ocean catchment boundary as most of the transport is
low level due to the amount of ocean directly beneath the catchment boundary. The largest discrepancy occurs
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Figure 8. Annual mean (2010-2014) net Qy, (gray arrows) and contributing Q;Y (other arrows) from the five drainage
basins and from trajectories with no assigned moisture origin. Each arrow represents integrated values along the entire length
of a catchment boundary between the two end points (dots at intersections between catchment boundaries). Also shown are
the net moisture fluxes entering (IN) and leaving (OUT) each drainage basin, calculated as the sum of Q' , pointing inward
and outward respectively. Note that all values are rounded two significant figures and only non-zero rounded values are
displayed, so there are small discrepancies between the values of P — E (boxes) and the sum of the surrounding Qy, (arrows).

along the Atlantic sector (0.07 Sv) where transport into the River Plate basin is systematically underestimated
(Figure 9g, gray and black lines). This may be partially due to diurnal aliasing of the South American LLJ which
can peak at 06 UTC (Marengo et al., 2004).

Despite underestimating Indian Ocean P — E and African Q,,, the calculation on the trajectory arrival grid
provide an acceptable representation of the moisture budgets which can be used to understand the asymmetries
between the ocean drainage basins.

(a) Americas (b) Africa (c) South-East Asia
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Figure 9. Vertically integrated O, (2010-2014) profiles along each catchment boundary partitioned into origin drainage
basins (Atlantic, Indian, Pacific, Arctic, Southern). Only the significant partitioned fluxes (Figure 7) are shown. The sum
of the partitioned fluxes is approximately equal to the total moisture flux (solid black line). The thin gray line (labeled
ERA-Interim) shows the annual mean Q, from the gridded monthly mean vertical integrals of gu and gv for the same

time period to show the sensitivity of our calculations to sampling resolution. All units are kg m~! s~!. Positive/negative
fluxes represent flux in a eastward/northward direction and negative fluxes indicate moisture flux in a westward/southward
direction.
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Table 2

Total Moisture Fluxes Entering (IN) and Leaving (OUT) Across the Atlantic,
Indian, and Pacific Catchment Boundaries and P — E for Each Drainage
Basin, All Calculated as Average Fluxes per Unit Length (Sv m~!)

Atlantic Indian Pacific
Area (X10'* m?) 0.746 0.450 1.405
Length (km) 51,942.7 46,068.4 54,304.6
IN 1.17 x 1078 1.40 x 1078 2.13x 1078
ouT 2.11 x 1078 244 x 1078 222 %1078
P—-E —0.94 x 1078 —1.04 x 1078 —0.09 x 10~#

Note. The areas of each ocean drainage basin in m? and the lengths of
the catchment boundaries in km are shown in the second and third rows
respectively.

5.1. Fluxes In/Out of Basins

The Atlantic, Pacific and Indian basins all have similar net OUT values
exceeding 1 Sv (Figure 8) despite their different areas (Table 2). Pacific IN is
very close to Pacific OUT, resulting in a small net P — E of 0.05 Sv. Atlantic
and Indian IN fluxes are almost equal resulting in almost matching P — E
values, but Indian OUT is underestimated due to underestimation of Q1"
on the African boundary. Comparing the IN and OUT fluxes as integrated
values may give a biased view as the drainage basins have very different
sizes. It is therefore also informative to compare the IN and OUT fluxes as
length-averages around the perimeter of the drainage basins (Table 2).

The OUT fluxes per unit length have similar values (Table 2) with the Indian
being slightly stronger than the other two and the Pacific the weakest. The
Atlantic and Indian have similar IN fluxes per unit length but the Pacific's
IN flux per unit length is about 75% and 65% stronger than the Atlantic and
Indian IN fluxes respectively. Atmospheric moisture transport is therefore:

1. more efficient at importing moisture into the Pacific drainage basin than the Atlantic and Indian basins,

2. similarly efficient at exporting moisture from each of the drainage basins.

The P — E values per unit length for each basin (Table 2) therefore show that the net moisture export across the
perimeter of the Pacific boundary is smaller than for the Atlantic and Indian basins by an order of magnitude.

5.2. Partitioned Transport Across 35°S

In Table 3, length-averaged net Q, across 2010-2014 show that moisture flux across the Atlantic sector is ~22%
more efficient than moisture flux across the Pacific sector. The use of trajectories can further this analysis as each

Q! can also be calculated as a flux per unit length (Table 3).

Partitioning Q, reveals two key parts of the contrasting length-averaged moisture fluxes. First, southward Q/"
across the Indian sector of 35°S is ~22% less efficient than Q4" and QP across their corresponding local sectors:
calculated as the following ratio, for example,

Al _ yInd

where each Q, is the value from Table 3 on its corresponding local sector. This is a result of the SLLJ in JJA
which causes anomalous cross-equatorial moisture transport from the southern hemisphere subtropical high, thus

diverting moisture transport equatorwards rather than polewards in the southern hemisphere Indian sector.

The second part of the contrast in net length-averaged O, comes from the northward Q5 across 35°S which
is least efficient across the Atlantic sector. Along 35°S much of the Atlantic basin is occupied by the poleward
part of the subtropical high with a much smaller fraction of the basin covered by the equatorward part of the

subtropical high compared to the Pacific and Indian sectors (Figure 1b). Northward O

Table 3

Total Q, and Moisture Fluxes per Unit Length Partitioned by the Basin of
Origin Denoted by Index i per Unit Length (in 10~% Sv m~!, Rounded to 2
Significant Figures) Across 35°S for Each Sector of the Southern Ocean
Catchment Boundary

Q Atl and QPar Sou
Atlantic sector —3.51 —4.42 —0.02 —0.07 1.37
Indian sector -2.03 -0.13 -3.46 0.00 1.74
Pacific sector —2.88 0.00 —0.03 —4.48 1.78

Al across 35°S is therefore

severely restricted.

5.3. Partitioning P — E

Similarly to Q,, P — E can also be partitioned into contributions from origin
drainage basins through an equation analogous to Equation 9:

P_E:(P—E)A”+(P—E)l"d+(P—E)Pac+(P—E)A"” o
+(P— E)Sau+ (P_E)Slr+(P_E)nane,

where each (P — E)' is calculated from Equation 3 using the associated Oy
from Figure 7. Each basin's contribution to its own P — E is approximately
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Table 4

Contributions to Total P — E for Each Drainage Basin From Moisture
Fluxes From Trajectories With Origin in Each Drainage Basin and
Trajectories With No Origin in 14 Days

Drainage basins

equal to its OUT flux (Figure 8) but there can be a small contribution from
(P — E)™"¢ (Table 4).

The key result from partitioning P — E is that Pacific P — E is dominated by
(P — E)™ which accounts for approximately 35% of Pacific IN (Figure 8).
Contributions from (P — E)*" and (P — E)%°* are significant but second-

Atlantic  Indian  Pacific  Arctic Southern  ary to (P — E)™?. Therefore trajectories with Indian basin origin induce a
<ﬁ): Atlantic ~1.04 0.08 0.39 0.16 0.4 net precipitation of 0.143 Sv a.cross the Pacific chan, similar .to Stohl and
Indian 021 102 043 0.03 036 James (2005). The Q" crossing South-East Asia (0.41 Sv, Figure 8) also
. accounts for 37% of the Indian basin OUT flux, whereas eastward Q’;Z and
Pacific 0.18 029 -116 0.07 061 Pac only account for ~11% of their associated OUT fluxes. This highlights
Arctic 0.03 0.02 005  -0.10 0.00 how anomalous eastward moisture fluxes across South-East Asia (Ferreira
Southern 0.15 0.19 0.25 0.00  -0.58 et al., 2018) affect Pacific and Indian P — E, and is also the leading cause of
None -0.03  —0.03 0.00 0.00 0.05 the Pacific/Atlantic and Pacific/Indian P — E asymmetries.

Note. Contributing P — E are denoted (P —-E ) (rows, i represents origin

basins) and shown to 2 significant figures in Sv. The (P—E) from
trajectories with stratospheric origin are too small to be included. Each
P—E) is calculated from the corresponding Q' on all catchment

boundaries surrounding the drainage basin from Figure 7. The columns
indicate the drainage basins for which each P — E is calculated.

6.1. Peaksin Q,

6. Key Dynamical Processes Influencing P — E
Asymmetries

In this section the trajectories will be used to highlight the dominant dynami-
cal processes affecting O, and the locations where the strongest Q, are found

with respect to the P — E asymmetry. This section focuses on Q, along the
three meridional catchment boundaries since deviations from zonal-mean
zonal moisture flux along these boundaries are the most important for the
existence of the P — E asymmetries (Craig et al., 2020).

Since trajectories were released on 17 vertical levels, we can calculate profiles of vertically-integrated Q,

(Figure 9) and cross-sections (Figure 10) along the catchment boundaries. This makes it possible to identify the

horizontal and vertical locations of the Q, peaks and then to link them to dynamical features.

Atlantic-to-Pacific transport across the Americas is dominated by westward Q4" south of 20°N (Figures 9a

and 10a). The Q4" profile is characterized by three distinct maxima in Central America associated with gap
winds through the orography with the peak at 11°N above Lake Nicaragua in the Papagayo jet (Clarke, 1988).
The maxima occur between 850 and 900 hPa, the approximate pressure levels of these gap winds, similar to

cross-sections of velocity, water vapor mixing ratio and moisture transport anomalies (Xu et al., 2005; Yang

et al., 2021). This demonstrates the smaller role of moisture transport above Panama compared to its neighbors
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Figure 10. Cross-sections of Q, (in kg m~' s~!, not weighted by d/) for each catchment boundary (2010-2014) from trajectory output on model 7 levels. Positive
contours indicate moisture flux in a northward/eastward direction and negative contours indicate moisture flux in a southward/westward direction. The cross-sections in
panels (a)—(c) are plotted as a function of latitude along the catchment boundaries and the cross-sections in panels (d)—(i) are plotted as a function of longitude along the

catchment boundaries. The dashed gray lines show the pressure levels in hPa.
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further north in this region despite some studies (Leduc et al., 2007; Lohmann, 2003; Sinha et al., 2012; Zaucker
& Broecker, 1992) previously assuming that this moisture flux was the key reason for the contrasting Pacific and
Atlantic P — E values.

Across Africa, Indian-to-Atlantic Q, is dominated by westward Q1" between 20°N and 26°S (Figures 9b and 10b).
The Q! peak occurs at 3°N in the Turkana Channel and at 850-875 hPa which is the same level as the Turkana
LLJ (Nicholson, 2016). South of the Turkana Channel, Q! is approximately —50 kg m~! s~! at 750 hPa until
13°S (above the African Great Lakes). This is linked to moisture transport from the Indian Ocean to the Ethiopian
Highlands (Viste & Sorteberg, 2011). The eastward Q4" is much weaker than Q1" with a peak near 35°N above
the Middle East and extends higher in altitude up to 300 hPa.

The profile of Pacific-to-Indian Q, across South-East Asia is dominated by eastward Q" that causes deviations
from [q_u] (Craig et al., 2020) while westward Q% only dominates above the Torres Strait (Figures 9¢ and 10c).
The westward moisture flux in the Q, cross-section at 600-300 hPa between 3°N and 5°S is caused by the upper
branch of the Walker Circulation (Figure 10c) over the Indian Ocean. The core of the eastward transport into the
Pacific occurs between 12°N and 24°N below 600 hPa across Thailand and Burma.

6.2. Seasonal Cycles of Q'

Some of the processes discussed in Section 6.1 are strongly seasonal. Figure 11 shows the seasonal cycles of O,

Ind

and the Q' , contributions from the two adjacent drainage basins. The key result is that the seasonal cycles of O}y

dominates the seasonal cycle of Q,, and O,

The seasonal cycles of moisture origins for the African and South-East Asian boundaries (Figure 12) show that
the seasonal cycles of each season's Q’C"g are closely linked to the SLLJ dynamics and the Asian Monsoon. The
meridional (cross-equatorial) SLLJ branch forms in April/May (Riddle & Cook, 2008) and transports moisture
from the Indian Ocean near Madagascar toward East Africa (Figure 12). In June, the zonal SLLJ branch forms
and diverts moisture eastwards away from the Horn of Africa toward the monsoon rains over India causing a
reduction in QQ’;’ of ~0.1 Sv from MAM to JJA (Figure 11b) with Q,(x) retreating across the Horn of Africa
and adjacent ocean (Figure 12) linked to the seasonal cycle of East African rainfall (Liebmann et al., 2012;
Wainwright et al., 2019). The seasonal reversal of winds and vertically-integrated moisture fluxes result in the
South-East Asian Q1" origin region expanding across the Indian Ocean from DJF to JJA (Figure 12) and there-
fore the change in sign of Q,.

The seasonal cycle of moisture fluxes leaving the Indian Ocean drainage basin across Africa and South-East
Asia is therefore strongly affected by the continental geometry and topographic features of the basin. Land-sea
temperature contrasts are considered to play a role in the seasonal reversal of surface winds, as is the Intertrop-
ical Convergence Zone (ITCZ's) seasonal migration (Bordoni & Schneider, 2008; Gadgil, 2003). As the ITCZ
moves northward the East African Highlands and land-sea friction contrasts concentrate the SLLJ into a narrow
longitudinal band (Rodwell & Hoskins, 1995). The difference between the atmospheric dynamics in January and
June can be seen from the trajectories in Figure 4b with a fully formed SLLJ dominating the lower troposphere
in June and nonexistent in January (Dey & Do66s, 2021; Volonté et al., 2019). Most origins for South-East Asian
Q! are not located directly below the SLLJ but instead along the coast, or to the south, of India (Figure 4b)
where the trajectories exit the BL or experience mixing. However, Rodwell and Hoskins (1995) estimated that
60%—80% of moisture transported by the SLLJ is from the southern hemisphere subtropical high. Stojanovic
et al. (2021) showed that the Bay of Bengal is the most important moisture source for part of South-East Asia
during the dry season (May—October) and the South China Sea is the most important moisture source during the
dry season (November—April), consistent with the flux-weighted density maps in Figure 12.

The seasonal cycle of Americas Q,, is dominated by westward Q4" which peaks in JJA (Figure 11a). The Q4%
origin region extends across the tropical Atlantic onto North Africa with Q,(x) > 105 kg s~! steradian™' over the
Caribbean Sea (Figure 12). The dominant dynamical feature affecting the seasonal cycle of g’é is the Caribbean
LLJ (CLLJ) which is strongest in JJA due to the meridional sea level pressure gradient with the North Atlantic
subtropical high (Wang et al., 2007). The Atlantic Warm Pool does not appear to influence the seasonal cycle
of :’; quite as strongly since it peaks in September (Wang & Enfield, 2001) and is likely to inhibit moisture
transport from the Atlantic across Central America due to anomalous low-level convergence associated with sea

surface temperature anomalies (Wang et al., 2013).
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Figure 11. Vertically and horizontally integrated 2010-2014 climatological seasonal mean Qy,, for the (a) American, (b)
African, and (c) South-East Asian catchment boundaries. The Qy,, (black) and Q' , from trajectories with origin in the two
adjacent basins to each catchment boundary are shown (Atlantic: red, Pacific: green, Indian: blue). Positive Q,, indicates
moisture flux in a net eastward direction and negative Q,, indicates moisture flux in a net westward direction. These values
(in Sv) are calculated from Q,(x) in Figure 12.

The effect of the CLLJ is shown by the densely packed origins across the Caribbean Sea associated with the
low-level trajectories from the North Atlantic subtropical high or zonal mid-tropospheric flow across the tropical
North Atlantic. Most of the trajectories associated with the CLLJ have Atlantic origin (Figure 4c), but some
cross Central America without making contact with the BL or experiencing sufficient mixing until they are
above the Pacific basin. Such trajectories undergo cyclonic curvature caused by interaction with the Panama Low
(Mesa-Sanchez & Rojo-Hernandez, 2020), therefore contributing toward westward QZ;" across the Andes and
reducing Atlantic net evaporation. This extension of the CLLJ combines with the Choco LLJ at 5°N (Figure 4d)
which, after crossing the equator, undergoes cyclonic curvature, resulting in heavy precipitation in the Colombian
Andes (Mejia et al., 2021; Poveda et al., 2014).

The dominant dynamical features influencing moisture fluxes associated with the P-E asymmetries are
therefore the SLLJ and subsequent eastward flow toward South-East Asia—both of which are associated with
the continental geometry and topographic features of the Indian Ocean basin. In JJA eastward moisture fluxes
across India and the Bay of Bengal toward the South-East Asian catchment boundary dominate annual mean Q.
and therefore Indian and Pacific P — E. This results in the anomalies from [W] that dominate the annual mean
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Figure 12. Flux-weighted density maps for the 2010-2014 climatological seasonal means of all trajectories with CAT I and CAT II origins released from the
American (top row), African (middle row) and South-East Asian (bottom row) catchment boundaries. Red/positive contours indicate moisture fluxes crossing the
catchment boundaries in an eastward direction and blue/negative contours indicate moisture fluxes crossing the catchment boundaries in a westward direction. Units are

103 kg s~! steradian~".

1

Pacific/Atlantic and Pacific/Indian P — E asymmetries. The CLLJ dominates the seasonal cycle of American
ﬁ’é and therefore plays an important role in the seasonal cycle of Atlantic P — E, but it makes a far less signifi-
cant contribution to Pacific net precipitation.

7. Conclusions

Previous work has shown how seasonal and interannual variability in the atmospheric water budget over an ocean
basin, summarized by precipitation minus evaporation (P — E) on averaging over a season, can be related to the
variability in the moisture fluxes normal to the boundaries defining each region (Craig et al., 2020). Furthermore,
the differences in net P — E over the Pacific, Atlantic and Indian Ocean basins can be explained in terms of the
seasonal moisture fluxes and relation to flow features. In particular, the Atlantic and Indian Ocean have net nega-
tive P — E, while the Pacific Ocean has near neutral P — E, and this can be attributed in part to the anomalous
moisture flux in the Asian Summer Monsoon between the Indian and Pacific Ocean basins. However, calculation
of the moisture flux alone is not sufficient to determine where the water has come from and how evaporation from
one ocean contributes to precipitation over another. In this paper, we take the approach further by partitioning the
moisture flux across each catchment boundary in terms of the origins of the water that contributes to the flux. In
this way water can be traced from one basin to another and the results used to determine how important each basin
is to the variability in P — E integrated over another ocean.

The ocean basin catchment boundaries are defined using the watersheds along the continents between the ocean
basins as well as some lines across ocean sections that complete the partitions between the ocean basins where
necessary (see Figure 1a). Moisture fluxes normal to the boundaries were calculated using ERA-Interim data on
a 12-hourly basis. An airmass trajectory model (Methven, 1997) was used to release 14-day back trajectories from
the catchment boundaries surrounding each ocean drainage basin and the “moisture origin” of each trajectory was
determined using the method of de Leeuw et al. (2017). In this way, the moisture fluxes across each boundary
between catchments can be partitioned, attributing the flux contributions to the basins of origin. This provides
a complete network of transports between the five ocean basins (Pacific, Atlantic, Indian, Arctic, and Southern
Oceans—Figure 8) plus the stratosphere and moisture fluxes associated with origins that could not be determined
with 14-day back trajectories (a contribution to the moisture fluxes of <15%). Summarizing the main results:

1. The majority of moisture contributing to fluxes across a boundary originates near the boundary. Previous
studies (Broecker, 1991; Leduc et al., 2007; Zaucker & Broecker, 1992) have implicitly or explicitly assumed
that Atlantic-to-Pacific moisture crossing Central America in the easterly trade winds has Atlantic origin
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without considering remote sources. Our results show that this assumption is broadly correct because ¢ is
highest in the BL where lower tropospheric transport is slow and the greatest Q,(x) are found along or close
to the catchment boundaries from which trajectories are released (Figure 6).

Partitioning Q, into contributions from origin drainage basins therefore shows that the Q'  from the basins
directly adjacent to the three meridional catchment boundaries and each sector of the Southern Ocean catch-
ment boundary dominates Q,, (Figure 7). Trajectories with remote or stratospheric origin (that are generally
released at higher altitudes) have very low moisture content upon arrival at the catchment boundary so make
negligible contributions to Q,. Tertiary sources are more important for the three sectors of the Arctic catch-

ment boundary with Q' values comparable to the primary northward Q' , from the basin directly south of

Arc

the catchment boundary and southward Q45

. The Pacific imports moisture with greater efficiency. The Lagrangian approach allows the net fluxes across

the catchment boundaries, Q , to be partitioned into leaving and entering contributions (Figure 8). The atmos-

phere exports similar quantities of moisture (slightly greater than 1 Sv) from the Atlantic, Indian and Pacific
basins. Approximately the same quantity is imported to the Pacific basin, giving it a near-neutral P — E.

However, the moisture imports are only slightly over half of the exports in the Atlantic and Indian basins

resulting in strong negative P — E in these two basins. The imported and exported moisture fluxes per unit
length around the perimeters of their catchment boundaries (Table 2) show that atmospheric moisture import
around the Pacific basin is almost double the values of the flux per unit length across the perimeters of the
Atlantic and Indian basins while all three basins have approximately equal export efficiency. This is consistent
with the similar values of area-averaged evaporation for each basin but stronger area-averaged precipitation for
the Pacific than for the Atlantic and Indian Oceans (Craig et al., 2017).

. Each basin's P — E can be partitioned into contributions associated with the fluxes around the basin perim-

eter. Pacific P — E is dominated by trajectories with Indian Ocean origin, which accounts for 38% of the
Pacific import flux and therefore associated with 0.43 Sv net precipitation over the Pacific (similar to Stohl
and James (2005)). The Q"¢ across South-East Asia is approximately 38% of the Indian OUT value compared
to ~11% of the Atlantic and Pacific OUT fluxes from their respective eastward exports across their eastern
boundaries.

Craig et al. (2020) suggested that the shapes of the southern hemisphere subtropical highs and the fractions
of the ocean basins they occupy influences atmospheric moisture transport to and from the Southern Ocean
basin. Partitioning Q, shows that northward Q3 along 35°S is weakest on the Atlantic sector by about 22%
compared to the Indian and Pacific sectors resulting in a strong net southward Q,. This contributes to the
strong P — E < 0 of the Atlantic basin and is a consequence of Atlantic Ocean's narrowness at 35°S since a
greater fraction of the basin is occupied by the poleward part of the subtropical high compared to the other
two basins. Partitioning Q, also shows that southward export across 35°S is weaker (by ~22%) in the Indian
sector than in the Atlantic and Pacific sectors. This is caused by the SLLIJ presence in JJA which diverts mois-
ture from the southern hemisphere subtropical high and causes anomalous cross-equatorial moisture transport
from the southern hemisphere (Rodwell & Hoskins, 1995).

. The SLLJ and monsoon explain the larger Pacific area-averaged precipitation. Our results confirm Craig

et al. (2020)'s finding that Panama is not the prime location for Atlantic-to-Pacific moisture transport. The
pressure levels associated with cross-boundary fluxes are linked to the LLJs identified by Craig et al. (2020)
as well as to the Walker Circulation.

Maps of Q,(x) (Figure 6) support Craig et al. (2020)'s hypothesis that the SLLJ diverts the moisture flux
away from Africa toward India in JJA (Figure 4b). Westerly winds carry moisture across the Bay of Bengal
where trajectories undergo substantial moistening (Figure 12) toward South-East Asia resulting in large east-
ward Q! to the Pacific basin. The Indian-to-Pacific moisture transport accounts for approximately 38% of
atmospheric moisture entering the Pacific and dominates Pacific P — E (Table 4). Trajectories with Indian
Ocean origin are therefore the leading cause of the greater precipitation per unit area across the Pacific Ocean
compared to the Atlantic and Indian Oceans (Craig et al., 2017; Stohl & James, 2005) and this atmospheric
moisture transport dominates the P — E asymmetries.

These results support the interpretation from Stohl and James (2005)'s forward trajectory study for understand-
ing precipitation origins and from Emile-Geay et al. (2003) that the Asian Monsoon causes the contrasting
levels of Pacific and Atlantic subpolar precipitation. Czaja (2009) also linked monsoonal moisture transport
to contrasting Pacific and Atlantic salinity and P — E patterns. However, our findings contrast Dey and
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Do6s (2020) who attributed the P — E asymmetries to Atlantic-to-Pacific moisture transport in the midlati-
tude westerlies. By considering each of the five ocean drainage basins individually and using the de Leeuw
et al. (2017) method for attributing moisture origins in airmass trajectories, we have provided detailed quan-
titative evidence for the role of the SLLJ and South Asian Monsoon in anomalous eastward Indian-to-Pacific
atmospheric moisture transport in agreement with previous Eulerian analysis (Craig et al., 2017, 2020) and
verified the hypotheses of Craig et al. (2020).

Topographic features and continental geometry are therefore a key part of the P — E asymmetries. African
topography has been shown to play a key role in the strength of the SLLJ (Rodwell & Hoskins, 1995; Wei &
Bordoni, 2016). The widths of the ocean basins (Ferreira et al., 2010; Schmitt et al., 1989) also affect the g v
patterns since the subtropical highs occupy different fractions of the basin widths, thus affecting both pole-
ward and equatorward moisture fluxes.

Data Availability Statement

The ERA-Interim data set is available from the Copernicus Climate Change Service (C3S) Climate Data Store
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era-interim ?tab=overview; ECMWEF, 2011). The
ROTRAIJ model code is available at https://www.met.reading.ac.uk/~swrmethn/ROTRAJ/ (Methven, 1997). An
example of the trajectory output data is available from the University of Reading Research Data Repository at
https://doi.org/10.17864/1947.000461 (Craig, 2023).
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