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ABSTRACT

The relative importance of atmospheric advection and local land–atmosphere coupling to Australian

precipitation is uncertain. Identifying the evaporative source regions and level of precipitation recycling can help

quantify the importance of local and remotemarine and terrestrial moisture to precipitation within the different

hydroclimates across Australia. Using a three-dimensional Lagrangian back-trajectory approach, moisture from

precipitation events across Australia during 1979–2013 was tracked to determine the source of moisture (the

evaporative origin) and level of precipitation recycling. We show that source regions vary markedly for pre-

cipitation falling in different regions. Advected marine moisture was relatively more important than terrestrial

contributions for precipitation in all regions and seasons. For Australia as a whole, contributions from precip-

itation recycling varied from;11% in winter up to;21% in summer. The strongest land–atmosphere coupling

was in the northwest and southeastwhere recycled local land evapotranspiration accounted for an average of 9%

of warm-season precipitation. Marine contributions to precipitation in the northwest of Australia increased in

spring and, coupled with positive evaporation trends in the key source regions, suggest that the observed pre-

cipitation increase is the result of intensified evaporation in the Maritime Continent and Indian and Pacific

Oceans. Less clear were the processes behind an observed shift in moisture contribution fromwinter to summer

in southeastern Australia. Establishing the climatological source regions and the magnitude of moisture re-

cycling enables future investigation of anomalous precipitation during extreme periods and provides further

insight into the processes driving Australia’s variable precipitation.

KEYWORDS: Atmosphere-land interaction; Climatology; Feedback; Water vapor; Semi-Lagrangian

models

Supplemental information related to this paper is available at the Journals Online website: https://doi.org/10.1175/JCLI-D-19-

0926.s1.

Corresponding author: Chiara Holgate, chiara.holgate@anu.edu.au

15 OCTOBER 2020 HOLGATE ET AL . 8721

DOI: 10.1175/JCLI-D-19-0926.1

� 2020 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

D
ow

nloaded from
 http://journals.am

etsoc.org/jcli/article-pdf/33/20/8721/4998523/jclid190926.pdf by U
niversity of N

ew
 South W

ales Library user on 17 Septem
ber 2020

https://doi.org/10.1175/JCLI-D-19-0926.s1
https://doi.org/10.1175/JCLI-D-19-0926.s1
mailto:chiara.holgate@anu.edu.au
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses


1. Introduction

The origin of moisture for regional precipitation in-

dicates the relative importance of local versus remote

processes. Regions that receive a large portion of their

moisture from local terrestrial sources are likely to ex-

perience stronger land–atmosphere coupling relative to

regions where precipitation is typically derived from

advected marine moisture (Eltahir and Bras 1996). In

Australia, the relative importance of local terrestrial

versus remote oceanic processes affecting precipitation

is currently uncertain (Evans et al. 2011): Where does

the moisture come from, and how strongly do land–

atmosphere coupling processes attenuate or amplify

atmospheric moisture to impact local precipitation depth

and timing?

Identifying the evaporative source regions that sup-

ply moisture for precipitation can reveal important

aspects of a region’s hydroclimatology. Knowing the

long-term average source regions provides insight into

the drivers of precipitation during anomalously dry or

wet periods (Dirmeyer et al. 2014). In the case of

drought, for example, identifying the long-term aver-

age source regions can help reveal whether the low

precipitation was due to a reduction in source evapo-

ration, anomalous atmospheric circulation (i.e., the

moisture was generated but transported elsewhere),

a lack of local precipitation-generating mechanisms,

land–atmosphere coupling, or a combination of fac-

tors. Second, if a region’s precipitation is dependent on

precipitation recycling over land, then the land surface

state and how it is coupled to the atmosphere becomes

important to any explanation of precipitation anoma-

lies. Establishment of the terrestrial sources also allows

the identification of areas where distant land-use change

may affect local precipitation (van der Ent et al. 2010).

Similarly, identifying the marine sources allows investi-

gation of how future changes in sea surface temperatures

(SSTs) and atmospheric circulation influence local pre-

cipitation changes.

Dirmeyer et al. (2009) estimated the annual average

source regions supplying moisture for precipitation to

most countries, including Australia, between 1979 and

2003. They found Australian precipitation mainly to

originate as moisture from marine evaporation, partic-

ularly along the coastlines in all but the southeast corner

of Australia, and to originate via terrestrial moisture

in northern and eastern Australia. Other studies have

explored the source regions for precipitation over

individual regions (Stohl and James 2005; Sharmila

and Hendon 2020) and in selected wet and dry years

(Miralles et al. 2016). Other studies have shed light

on where moisture evaporated over predefined ocean

regions falls as precipitation over Australia (van der Ent

and Savenije 2013; Gimeno et al. 2012). How source

regions vary for precipitation falling in each part of the

continent, and how sources vary between seasons and

years, has not been previously examined. A more de-

tailed analysis of source regions for each part of the

continent, and how these regions vary temporally, is

required to examine the interplay between large-scale

processes and local coupling mechanisms that attenuate

or amplify precipitation within the different hydro-

climatic regimes across Australia. Regions need to be

studied individually if important coupling mechanisms

operating during average versus anomalous periods are

to be revealed.

Precipitation recycling is one measure of land–

atmosphere coupling strength. The precipitation

recycling ratio is the proportion of a region’s precipi-

tation that is derived from evapotranspiration in that

same region. High recycling levels may be indicative of

strong, positive land–atmosphere coupling (Brubaker

et al. 1993), whereby a decrease in soil moisture may

lead to a decrease in local evapotranspiration and

precipitation (Zhang et al. 2008), potentially contrib-

uting to the persistence of droughts (Brubaker et al.

1993). Previous estimates indicate that precipitation

recycling in Australia may vary from as much as

38% for the whole continent (Dirmeyer et al. 2009) to

5% at a scale of 105 km2 (Dirmeyer and Brubaker 2007;

van der Ent and Savenije 2011). Given these uncer-

tainties, a long-term dataset of evaporative source re-

gions and precipitation recycling for each part of

Australia could help establish the relative importance of

local versus remote processes and the strength of cou-

pling processes across periods of average and anomalous

precipitation.

We aim to develop such a long-term dataset. Our

objectives are 1) to establish a multidecadal time series

of daily evaporative source regions and precipitation

recycling across the Australian continent and for its 13

major hydrological basins using the Lagrangian back-

trajectory method based on Dirmeyer and Brubaker

(1999, 2007); 2) to define interannual and intraseasonal

variability of evaporative source regions and precipita-

tion recycling for each part of Australia; and 3) to de-

termine where recycling plays a significant role in the

generation of regional precipitation, and when and

where large-scale processes dominate precipitation gen-

eration through moisture advection. To achieve these

objectives, we investigated the period 1979–2013, cover-

ing periods of average precipitation and severe drought

and flood, and extend the analysis of Dirmeyer et al.

(2009) to include the Millennium Drought (2001–09)

and a subsequent wet period (2010–11).
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2. Data and methods

a. Back-trajectory model

We tracked atmospheric water (vapor, liquid, and solid)

from all precipitation events exceeding 2mmday21 back-

ward in time and space to identify their moisture origin

using a Lagrangian back-trajectory model with explicit

moisture accounting based on Dirmeyer and Brubaker

(1999). Precipitation falling anywhere on the Australian

continent between 1979 and 2013 was tracked.

For each day that precipitation occurred at grid cell i,

air parcels were launched at a rate proportional to the

rate of precipitation. Parcels were released from a ran-

dom, total-precipitable-water-weighted height in the

atmosphere, assuming the vertical distribution of pre-

cipitable water indicates where the precipitation forms.

Each parcel k, treated as a passive water vapor tracer,

was advected through the atmosphere using three-

dimensional (3D) wind fields and the fully implicit

technique of Merrill et al. (1986):

xn21 5 xn 1
Dtun 1Dtun21

2
and

yn21 5 yn 1
Dtyn 1Dtyn21

2
, (1)

where x and y (both in meters) are the grid coordinates

along the trajectory; u and y (both in meters per second)

are the zonal and meridional wind components, re-

spectively; Dt (s) is the time interval; and n (s) is the time

step. Height displacement of the parcel was determined

with the vertical wind component.

At each 10-min time interval of the back trajectory,

part of the parcel’s water vapor was assumed to have

come from evaporation of the grid cell x, y underlying

the parcel at that point in its trajectory, assuming the

evaporation mixes well throughout the entire atmo-

spheric column during the time step, and that evapora-

tion was the only source of moisture for the parcels.

Moisture was added to parcel k according to

C
i,k
(x, y, t)5

E(x, y, t)

TPW
i

, (2)

where Ci,k (fraction) is the contribution of moisture at

grid cell x, y at time t to parcel k, E (m) is the estimated

evaporation at grid cell x, y at time t, and TPWi (m) is

the total precipitable water above original grid cell i at

the time of the precipitation event (Dirmeyer and

Brubaker 1999).

For each 0.58 grid cell across Australia, up to 100

parcels were released every day, dependent on the

proportion of time it rained during the day; at least one

parcel per 10-min simulation time step was released for

cells where it rained. Parcels were released from the

location of each precipitation event and tracked back-

ward until all of the precipitable water for that event

had been accounted for, or until the maximum back-

trajectory time (set at 30 days) had been reached, or

until the parcel reached the boundary of the model do-

main. The total evaporative contribution EA(x, y) of

parcels k–m over time t to tmax across all grid cells i–n

within area A where it rained is therefore

E
A
(x, y)5 �

n

i51
�
m

k51
�
tmax

t50

C
i,k
(x, y, t). (3)

When summed over all grid points in the domain, the

EA(x, y) equals PA, the total precipitation in area A

(Dirmeyer and Brubaker 1999). This process was re-

peated until all precipitable water from all precipitation

events across Australia during 1979–2013 had been

accounted for. This yielded the source regions for

Australian precipitation; that is, a daily map of evapo-

rated water vapor that contributed to precipitation over

the Australian continent each day during the 35-yr time

frame. The 3D distribution of EA(x, y) was then parti-

tioned to obtain the evaporative source regions for

precipitation falling in each of Australia’s major hy-

drological basins. Basin boundaries (Fig. 1) were the

major topographic drainage divisions derived from the

Australian Hydrological Geospatial Fabric (Bureau of

Meteorology 2012).

This method makes some assumptions that may im-

pact the accuracy of the identified moisture source re-

gions, including that evaporative water is well mixed

vertically at the time scale of the back-trajectory model

and that the vertical distribution of precipitable water

indicates where rain formation occurs vertically. Although

testing of these assumptions is beyond the scope of the

current study, past studies that addressed these uncer-

tainties indicate that they are likely to have only small in-

fluences in our case (Goessling and Reick 2013; see the

Text S1 section in the online supplemental material).

b. Precipitation recycling

The 3D time series of evaporative origin was used to

determine the precipitation recycling ratio for each hy-

drological basin, where the recycling ratio r is defined as

the proportion of basin A precipitation that originated

as evaporation from that same basin:

r5�E
A
(x, y)/P

A
. (4)

Recycling ratios are dependent on spatial scale, since

recycling necessarily increases from zero at a point, to

100% for the whole globe. Given this scale dependency,
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we also present scaled recycling ratios rs to allow a

comparison between basins of different size and allow

comparisonwith previous studies.Dirmeyer andBrubaker

(2007) examined the relationship between recycling ratio

and geographic area for different regions globally and

empirically found a power law describing the data ac-

cording to
r
s
5 aAb , (5)

where rs is the scaled recycling ratio (%), A is the area

(km2), and a and b are fitting parameters. Dirmeyer and

Brubaker (2007) found b to vary little from an average

0.462 across the globe, suggesting that such a universal

value of b could be applied. Hence once the recycling

ratio r for a region of size A has been calculated, the

value of a can be calculated by rearranging Eq. (5). A

recycling ratio scaled to a new area can then be com-

puted for the region (rs). In this study we find values for

a for each hydrological basin and then use b5 0.462 and

A 5 105 km2 to compute scaled recycling ratios rs for

each basin.

c. Back-trajectory forcing data

The back-trajectory analysis was driven by time-varying

3D atmospheric fields of wind, temperature, precipitable

water and pressure, and two-dimensional (2D) fields of

precipitation and latent heat flux, produced by the ERA-

Interim-driven WRFv3.6.1 simulation. The simulation

was performed over the Coordinated Regional Climate

Downscaling Experiments (CORDEX)–Australasia do-

main at;50kmhorizontal resolution and 30 vertical levels

spaced closer together in the boundary layer. The model

physics parameterizations included the Mellor–Yamada–

Janjić planetary boundary layer, Betts–Miller–Janjić cu-

mulus, WRF double-moment 5-class cloud microphysics,

Rapid Radiative Transfer Model longwave radiation,

Dudhia shortwave radiation, and the Noah land surface

model. This simulation uses spectral nudging of winds

and geopotential height above approximately 500 hPa

using ERA-Interim (Evans et al. 2013). This ensures

that the synoptic-scale weather systems within the

WRF simulation remain close to those in the reanalysis

but has the advantage of conserving water, which the

reanalysis does not do due to its assimilation of

observations.

An ensemble of ERA-Interim driven simulations

within the CORDEX-Australasia modeling framework

was recently evaluated byDiVirgilio et al. (2019) for the

period 1981–2010 and included the WRF configuration

called UNSW-WRF360K. The simulation used in the

present study is UNSW-WRF360K, but with additional

spectral nudging of winds and geopotential. The spec-

trally nudged simulation (WRF360K-Nudged) was not

included in Di Virgilio et al. (2019) but is evaluated here

following the same evaluation method and is presented

in the online supplemental material in comparison with

other CORDEX-Australasia models defined in Di

Virgilio et al. (2019). The ensemble of regional models

was evaluated against observations contained within the

Australian Gridded Climate Dataset (AGCD; Jones

et al. 2009) on an annual and seasonal basis. WRF-

simulated precipitation variability and trends have also

been extensively evaluated (Cortés-Hernández et al.

2016; Fita et al. 2017; Olson et al. 2016; Evans et al. 2017)

and performed well overall.

In terms of minimum and maximum temperature, the

mean bias for UNSW-WRF360K-Nudged was smaller

than the ensemble mean for all seasons of the year, with

correlation coefficients r ranging between 0.92 and

0.98 (Table S1 in the online supplemental material).

Maximum temperature (annual mean bias 20.64K;

Table S2 in the online supplemental material) tended

to be underestimated in eastern Australia (Fig. S1 in

the online supplemental material), especially in winter

(;23K; Fig. S2 in the online supplemental material)

and was overestimated in parts of western and northern

Australia in summer (;2K; Fig. S3 in the online sup-

plemental material). Annual mean bias in minimum

temperature was small (0.24K; Table S2 and Fig. S4 in

the online supplemental material), with winter mini-

mum temperatures underestimated (;22K) in the west

and parts of the east, with some overestimation occur-

ring in eastern and northern Australia (;2K; Fig. S5 in

the online supplemental material). In summer, mini-

mum temperatures were overestimated in central and

southeastern Australia (;2K) and underestimated in

the southwest and northeast (;21.5K; Fig. S6 in the

online supplemental material).

FIG. 1. Australian major hydrological basins and mean annual

precipitation (Bureau of Meteorology 2010) set within the model

domain. Ocean regions are delineated in grayscale (shades are

arbitrary).
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UNSW-WRF360K-Nudged estimated precipitation

well overall (annual r 5 0.88; Table S1) and better

than the equivalent nonnudged simulation (UNSW-

WRF360K) in all seasons. UNSW-WRF360K-Nudged

underestimated annual precipitation in coastal regions

(mean bias 27.6mm month21; Table S2 and Fig. S7 in

the online supplemental material), but had the lowest

proportion of land with annual mean bias exceeding

10mm month21 (1% as compared with 24% ensemble

mean; Table S3 in the online supplemental material). In

winter UNSW-WRF360K-Nudged estimated precipita-

tion well [r 5 0.90 (Table S1) and mean bias over

Australia of 24.9mm month21 (Table S2)] but was

positively biased along the southern coastline (up to

;40mm month21; Fig. S8 in the online supplemental

material). Summer precipitation was also well simulated

[r 5 0.93 (Table S1) and mean bias over Australia

of 216.6mm month21 (Table S2)] but overestimated

precipitation in the monsoonal north (up to ;40mm

month21; Fig. S9 in the online supplemental material).

In both seasons UNSW-WRF360K-Nudged still achieved

a much smaller proportion of land with mean bias ex-

ceeding 10mm month21 (2% and 0.8% in summer and

winter, respectively; Table S3) relative to the ensemble

mean (24% and 19% in summer and winter, respectively;

Table S3).

UNSW-WRF360K-Nudged evapotranspiration esti-

mates were compared to the Derived Optimal Linear

Combination Evapotranspiration (DOLCE), version 2

(Hobeichi et al. 2018, 2020), a hybrid of 11 global

evapotranspiration datasets. Hobeichi et al. (2018) showed

the hybrid dataset outperformed its constituent products

when compared to global flux tower measurements.

UNSW-WRF360K-Nudged estimated evapotranspira-

tion well overall (annual r 5 0.72), but relative to

DOLCE tended to underestimate (;20.5mmday21)

values in the interior north and east of Australia in both

summer andwinter, with bias reaching;21.3mmday21

along the mountainous region of southeast Australia in

summer (Fig. S10 in the online supplemental material).

Evapotranspiration was overestimated along the coast-

lines (.0.5mmday21; Fig. S10) in summer, likely a re-

flection of large ocean–land evaporation differences and

differences in dataset land–water masks at the coast-

lines. The interannual variability was very similar to that

of DOLCE for the study period, with both datasets dis-

playing an 11% coefficient of variation. Neither dataset

showed statistically significant (p , 0.05) trends in annual

continentwide estimates during the study period.

Overall, the strong performance of the WRF simula-

tion compared to observed temperature, precipitation

and evapotranspiration, and ability of the model to

conserve water (unlike reanalysis products) makes the

simulation ideal for driving the back-trajectory analysis

over Australia.

3. Results

a. Evaporative source regions

Moisture source regions showed strong seasonal shifts

in evaporative contribution (EA) and spatial domain. In

summer (Fig. 2a), moisture for Australia’s precipitation

was principally sourced from the Maritime Continent,

tropical Indian Ocean, tropical Pacific Ocean, and

Tasman Sea and from the subtropical Indian and

Southern Oceans close to the Australian continent.

Terrestrial contributions from Australia were at their

peak in summer and were highest in the northern and

eastern parts of the continent. During summer, some

terrestrial moisture (1.1%) was also sourced from

Indonesia, East Timor, Papua New Guinea, Solomon

Islands, Vanuatu, and New Caledonia. The stronger

moisture contribution to the north is due to the summer-

dominant rainfall climate of northern Australia during

the monsoon season. In autumn, moisture contribution

from the north declined sharply (Fig. 2b), and the most

important source region became the tropical Pacific

Ocean and Tasman Sea. In winter, the terrestrial

contribution was negligible except for parts of eastern

and southwestern Australia (Fig. 2d). Marine source

regions contracted southward in line with the north-

ward progression of the subtropical ridge, where

frontal systems extend farther into southern Australia,

and the northward progression of the monsoon trough,

as northern Australia moves into its dry season. In

spring, the marine source regions expanded northward

once again, and the terrestrial contribution increased

across most of the continent, most strongly in the

southeast (Fig. 2c) with the Tasman Sea the domi-

nant source. In all seasons the proportion of moisture

sourced from outside the model domain tended to

be less than 7% of the total contributed to Australian

precipitation (Figs. 2e,f; Table S4 in the online sup-

plemental material).

Figure 3 highlights the summer source regions for

selected basins in the northwest, southeast and south-

west of Australia. Source regions for all basins and

seasons are shown in Figs. S11a and S11b in the online

supplemental material. Summer precipitation in the

northwest as defined by the Tanami–Timor Sea Coast

basin (Fig. 3a) was dominated by moisture from the

tropical Indian Ocean, Maritime Continent, and the

subtropical Indian andSouthernOceans close toAustralia.

Some moisture was also sourced from the tropical Pacific

Ocean, extending east of New Caledonia in summer. In

addition tomarinemoisture, the Tanami–Timor SeaCoast
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also received significant terrestrial contributions from the

basin itself (see section 3b). Total moisture contribution

reduced strongly in autumn; was minimal in the dry season

and increased again in spring (Fig. S11a).Moisture sourced

from outside the model domain was low, reaching a max-

imum of 3.3% in summer through the western model

boundary (Table S4).

Summer precipitation in the southeast as defined by the

Murray–Darling Basin (MDB) was primarily sourced from

the Tasman Sea, Southern Ocean, and the land within the

basin. Secondary contributions were made from the other

land andocean regions,with up to 7.7%ofmoisture sourced

from beyond the southern model boundary (Fig. 3b;

Table S4). Unlike the Tanami–Timor Sea Coast, the

overall source region for the MDB experienced rela-

tively minor seasonal shifts in spatial contribution

(Fig. S11b).

The small moisture contribution to the South West

Coast (Fig. 3c) reflects the relatively low seasonal (and

annual) precipitation of this comparatively smaller basin.

Moisture contribution was constrained to the subtropical

Indian and Southern Oceans. Up to 8% of total moisture

was sourced from beyond the southern model boundary in

summer, reaching 12.7% through the western boundary in

winter (Table S4).

b. Terrestrial and marine contributions

The marine moisture contribution dominated year-

round for all basins (Fig. 4). The continent typically

received a minimum of 77% of moisture from marine

sources in summer and a maximum of 89% in winter

(Fig. 4). Terrestrial contributions were greatest in the

northern basins compared to the south in summer and

autumn and tended to be similar in winter and spring.

For all basins, terrestrial contributions peaked in spring

and summer.

In summer, north-northwestern basins (North Western

Plateau, Tanami–Timor SeaCoast, CarpentariaCoast, and

NorthEastCoast) typically received 23%ofmoisture from

terrestrial sources, whereas southeastern basins (MDB;

South East Coast, New South Wales; South East Coast,

Victoria; Tasmania) received 17% (Fig. 4). The same

north-northwestern basins received 12% of moisture from

the terrestrial sources during winter (northern dry season),

FIG. 2. Mean moisture contribution to Australian precipitation in (a)–(d) each season (mm), with mean clima-

tological low-level wind vectors, (e) annually (mm), and (f) as a percent of annual Australian precipitation (%).

Note the nonlinear color scale.
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compared to the 11% received by southeastern basins. In

spring, the southeastern basins received slightly more

moisture from the terrestrial sources (18%) relative to

north-northwestern basins (17%; Fig. 4).

c. Interannual variability

Interannual variability in terrestrial moisture contribu-

tion to Australian precipitation was high for all basins.

Figure 5 shows themean annual contributions frommarine

and terrestrial sources, with associated coefficients of var-

iation (CV). The CV is the standard deviation of moisture

contributed to the basin normalized by its mean to allow

for a direct relative comparison between basins. In a rel-

ative sense, interannual moisture contribution from local

and nonlocal terrestrial sources (CV 18%) varied more

than marine contribution (CV 3%).

FIG. 3. Mean summer moisture contribution (mm) to precipitation in (a) Tanami–Timor Sea Coast, (b) Murray–Darling Basin, and

(c) South West Coast.

FIG. 4. Mean seasonal contributions to precipitation by basin. Contributions to Australia-wide precipitation are

provided in the bottom-left corner of each panel (remaining proportions representmoisture contributed fromother

countries).

15 OCTOBER 2020 HOLGATE ET AL . 8727

D
ow

nloaded from
 http://journals.am

etsoc.org/jcli/article-pdf/33/20/8721/4998523/jclid190926.pdf by U
niversity of N

ew
 South W

ales Library user on 17 Septem
ber 2020



The annual marine contribution to North East Coast

rainfall was the least variable (CV 2.1%; Fig. 5), whereas

Pilbara–Gascoyne, located in the westernmost part of

Australia (Fig. 1), experienced the largest interannual

variability (CV 5%; Fig. 5). The North East Coast and

Pilbara–Gascoyne also experienced the lowest (CV

9.2%; Fig. 5) and highest (CV 28.8%; Fig. 5) interannual

variability in local terrestrial contribution (i.e., precipi-

tation recycling, see section 3d). The annual nonlocal

terrestrial contribution to the Tanami–Timor Sea Coast

was the least variable (CV 10%; Fig. 5), and the South

West Coast was most variable (CV 37.5%; Fig. 5).

Figure 6 decomposes the interannual variability in the

marine contribution by ocean region, with regions de-

fined in Fig. 1. It shows the contribution each ocean

region makes to the total interannual variability in

moisture contributed to Australia and its subbasins.

That is, for each basin, we divide the variance in con-

tribution from each ocean region (mm) by the variance

in the total marine contribution (mm). As expected,

Fig. 6 shows greater variability in the southern basins

compared to the tropical north. In all seasons the

Southern Ocean contributed the most to variability of

the southern basins (e.g., .50% for Tasmania in all

seasons), as well as the Tasman Sea to most basins and

especially those on the east coast (e.g.,.50% for South

East Coast, New South Wales, in all seasons). The

tropical Indian Ocean contributed to variability in the

northern basins during the wet season, but, like the

Maritime Continent, was very stable in the dry season.

The subtropical Indian Ocean contributed to variability

of the southwestern basins in all seasons and western

basins in winter. The South Pacific Ocean, tropical

Pacific Ocean, and Maritime Continent contributed the

least to interannual variability across Australia. Like

Fig. 5, Fig. 6 shows North East Coast experienced the

smallest variability in its source regions.

d. Precipitation recycling

Figure 7 shows the annual cycle of precipitation re-

cycling (r) for Australia and each basin. On average

19% of moisture was recycled to contribute to further

precipitation across Australia (Fig. 7a). The northern

tropical basins (Carpentaria Coast and Tanami–Timor

Sea Coast) recycled the largest amount of local mois-

ture, recycling a maximum of 8.8%–11.4% of monthly

precipitation (r; Fig. 7). Apart from these, the MDB

recycled more precipitation than any of the other basins

in the east, south, northwest and northeast of Australia,

recycling a maximum of 9.2%, and 6.9% on average

across the year (r; Fig. 7h). The least amount of pre-

cipitation was recycled in the South Australian Gulf

(0.7%), Tasmania (1.7%), and SouthWest Coast (1.8%;

Fig. 7). Recycling in the northern basins peaked in

March at the end of the wet season, as did the north-

western basins (Pilbara–Gascoyne and North Western

Plateau). Recycling in the Lake Eyre Basin and the

southern basins peaked between October and January.

All southern basins recycled the least amount of pre-

cipitation in June. While the northern and northwestern

basins experienced a minimum in June/July, the mini-

mum recycling in the Carpentaria Coast was delayed

until September, that is, at the very end of the dry

season.

The scaled precipitation recycling estimates rs follow

the same spatial pattern as the actual estimates, with

highest recycling in the northern and southeast basins

and lowest in the southwest (Fig. 7). Scaled recycling

estimates are discussed and compared to previous studies

in section 4c.

e. Trends

Figure 8 shows temporal linear trends (1979–2013) in

seasonal moisture contributions to precipitation in each

basin, sourced from individual ocean regions (Fig. 1),

the Australian landmass outside the basin and the land

area within each basin. Trends are expressed as the

change in seasonal moisture relative to the mean total

seasonal moisture received by each basin (1979–2013).

Trends in moisture contribution were frequently posi-

tive in spring and summer and negative in autumn and

winter (Fig. 8). A positive trend inmoisture contribution

to northwestern basins is clear, especially in spring

(Fig. 8d). Positive contributions occurred over all ocean

areas, as well as the local and nonlocal terrestrial sources

of moisture.

Trends in moisture contribution may be due to a

change in source region evaporation, anomalous

FIG. 5. Interannual variability in marine and terrestrial contri-

bution to precipitation, presented as the coefficient of variation

(bars; left axis) with annual mean contribution (dots; right axis).
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atmospheric circulation (i.e., themoisture was generated

but transported elsewhere), a lack of local precipitation-

generating mechanisms, land surface control on the at-

mosphere through coupling processes, or a combination

of factors. Considering trends in evaporation of the

source regions, we can, to first order, diagnose the

processes driving the trends in moisture contribution.

Positive spring trends in moisture contributed to the

northwest coincides with positive trends in evaporation

in the Maritime Continent, subtropical Indian Ocean,

and tropical Pacific Ocean (Table S5 in the online sup-

plemental material).

The South Pacific Ocean and the Tasman Sea showed

significant positive trends in summer, with the highest

trends in the MDB (Fig. 8a). In summer, the net upward

trend in seasonal moisture contributed to the MDB

amounted to 10.94%yr21 (Fig. 8a). In other words,

0.94% more moisture was available for summer pre-

cipitation in the MDB each year, compared to the

summer average. Moisture declined by 21.33%yr21 in

autumn (Fig. 8b) and 20.88%yr21 in winter (Fig. 8c),

and increased in spring by 10.35%yr21 (Fig. 8d), re-

sulting in a net 20.12%yr21 decline in moisture re-

ceived by the MDB over the 35-yr period. The positive

trend in moisture contribution in summer along with the

decrease in winter does not coincide with significant

evaporation trends in the key source regions of the

Tasman Sea and Southern Ocean (Table S5).

4. Discussion

a. Source regions

Our results show source regions vary markedly across

the country. Along with notable terrestrial contributions

in the north and southeast, moisture for precipitation in

each basin was primarily derived fromproximatemarine

sources. We note our marine evaporative source regions

coincide with regions of high marine evaporation (Yu

2007), especially in the Pacific Ocean.

Dirmeyer et al. (2009) estimated similar source regions

for the Lake Eyre Basin (available at http://cola.gmu.edu/

wcr/). Our estimate of the annual terrestrial contributions

within Lake Eyre Basin and northeastern Australia was,
30mmyr21 (Fig. S11a) as compared with Dirmeyer et al.’s

(2009) estimate of ,50mmyr21. Dirmeyer et al. (2009)

also estimated a stronger annual terrestrial contri-

bution from within the MDB (up to ;100mmyr21 as

compared with our estimate of up to ;50mmyr21;

Fig. S11b), and a stronger contribution from the Southern

Ocean (;100mmyr21 as compared with ;50mmyr21

in our study; Fig. S11b).We note Stohl and James (2005)

indicated the Tasman Sea to be the most important

FIG. 6. Contribution to variance in moisture supplied to Australia and its subbasins by each ocean region. Values are provided in

parentheses where the bar exceeds the axis limit.
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source of moisture to the MDB, contributing up to

;100mmyr21 of moisture to the basin, which is very

similar to our results. However, Stohl and James (2005)

estimated a greater contribution from the land surface in

eastern Australia (up to ;100mmyr21) as compared

with our estimate of ;50mmyr21 (Fig. S11b).

For the whole continent, the dominant annual source

regions supplying moisture to precipitation across Australia

match estimates byDirmeyer et al. (2009). In both studies

themain sources are proximate oceanic regions as well as

the north and east of Australia. However, we estimate a

greater contribution from the ocean and a smaller con-

tribution from the land. This is demonstrated in the

eastward and southward extension of the Pacific and

Southern Oceans source regions relative to Dirmeyer

et al. (2009). We estimate contributions up to 200mmyr21

as far east as;1708Eand as far south as;408S (Fig. 2e), as
comparedwith;1558Eand;358SbyDirmeyer et al. (2009).

While both studies estimate that the greatest terrestrial con-

tributions come from northern and eastern Australia, we

estimate contributions up to ;200mmyr21 (Fig. 2e) as

comparedwith;200–300mmyr21 byDirmeyer et al. (2009).

The importance of moisture from each ocean re-

gion varied for precipitation falling in different parts

of Australia. Similar to our results, van der Ent and

Savenije (2013) estimated evaporation from the western

tropical Pacific Ocean contributed to annual precipita-

tion over most of the country except the southwestern

and southeastern regions during 1990–2009. A similar

result was also found byGimeno et al. (2012), who found

evaporation from the Coral Sea (covering part of the

regions defined as the tropical Pacific Ocean and

Tasman Sea in the present study) supplied moisture

for precipitation over much of the continent in summer

and northern and eastern Australia in winter, similar to

the present study. Differences in source region esti-

mates were expected due to different forcing, moisture

tracking algorithms and time periods covered. We

used a 0.58 3D Lagrangian back-tracking algorithm

driven by an ERA-Interim-constrained regional sim-

ulation over 1979–2013. Dirmeyer et al. (2009) back-

tracked moisture at 1.98 resolution using CMAP and

NCEP data over 1979–2003. Stohl and James (2005)

back-tracked moisture using the 3D Lagrangian flex-

ible particle dispersion model (FLEXPART) at 18
using data from ECMWF over 1999–2003. Gimeno

et al. (2012) also used FLEXPART, but with data

from ERA-40 over 1980–2000, and forward-tracked

moisture from predefined ocean regions. Finally, van

der Ent and Savenije (2013) used a 1.58 vertically

FIG. 7. Mean monthly precipitation recycling (r; green) and scaled precipitation recycling (rs; gray). Annual

mean and range are given in the top-left corner of each panel, and scaled estimates are given in the top-right corner.

Note the different vertical scale for Australia in (a).
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averaged 2D Eulerian procedure using ERA-Interim

over 1990–2009, and forward-tracked moisture from

predefined ocean regions. These methodologies reflect

major differences in approach, assumptions, and data

that account for differences in the results. We note the

higher spatial resolution of forcing used in our study

allows for finer representation of precipitation, partic-

ularly in areas of high relief such as the mountainous

region in southeastern Australia. Furthermore, in some

cases the atmospheric and evaporation data used in

previous studies was independent of the precipitation

estimate, while our approach uses a self-consistent wa-

ter cycle.

SOURCES OF MOISTURE FOR SOUTHEAST

AUSTRALIAN PRECIPITATION

An interesting feature in the identified source regions

relates to northwest cloud bands (NWCBs), which com-

monly extend from the tropics in the northwest to the

extratropics in the southeast and have been linked to

precipitation in southeastAustralia (Bureau ofMeteorology

2013). Our back-tracking approach finds no evidence

that precipitation in southeast Australia relies on mois-

ture from the northwest. For the MDB and South East

Coast (New South Wales and Victoria) basins, we found

moisture is primarily sourced from the Tasman Sea.

The apparent disagreement with the possible role of

NWCBs can be reconciled. Reid et al. (2019) shows that

days with NWCBs are associated with a northwest–

southeast-oriented trough pattern, flanked by high pres-

sure systems to the southwest and north-northeast. The

anticyclone to the northeast advects warm, moist tropi-

cal air southward where it is lifted over the cooler and

drier air in the region of the trough. The location of the

southeast’s key source region from our results, the

Tasman Sea, supports this model. McIntosh et al. (2012)

also supports this interpretation. They back-tracked a

precipitation event in the Mallee region of southern

Australia that appeared associated with a northwest to

southeast band of clouds. They found moisture was

sourced from the ocean to the northeast of Australia,

not the northwest. As the air parcel traveled southward

from the northeast it was forced to rise over colder air

and subsequently condensed and contributed to pre-

cipitation. For the same region Brown et al. (2009)

demonstrated that the moisture source, apparently to

the west based on a snapshot of winds, was to the north-

east when proper consideration was given to the time-

FIG. 8. Trends in seasonal moisture contribution (%yr21). Values represent the change in moisture contributed by each source relative to

the mean (1979–2013) total moisture received by each basin each season. Trends that are statistically significant at the 95% level are edged in

thick black lines, and those that are significant at the 90% level are edged in thick gray lines. Positive trends are shown in blue; negative trends

are shown in red. Note the different axis limits among seasons; values are provided in parentheses where the bar exceeds the axis limit.
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dependent winds and parcel height. Overall, the NWCBs

therefore set up the large-scale synoptic conditions that

allow oceanic moisture from the Tasman Sea to be ad-

vected anticyclonically into the trough, to be subsequently

lifted and precipitated in Australia’s southeast. Thus,

while the NWCBs are an expression of the moisture-

advecting process, it is unlikely they are a major source of

moisture for precipitation in the southeast.

b. Terrestrial and marine contributions

Our results show advected marine evaporation is

relatively more important than terrestrial evapotrans-

piration as a source of moisture for precipitation across

Australia. More than three-quarters of moisture sup-

plying Australia’s precipitation is derived from ocean

sources throughout the year and can reach over 90% in

some basins. While moisture for precipitation in different

basins is sourced from different ocean regions, the Tasman

Sea is the most important contributor of moisture for all

but the western and northwestern basins, where the Indian

and Southern Oceans are the most important sources.

While all regions of Australia are dominated by

marine contribution, some regions are more reliant

on terrestrial contributions than others. The north-

northwest basins rely on terrestrial moisture in sum-

mer and autumn for around one-quarter of their

seasonal precipitation. Southeastern basins rely on ter-

restrial moisture for around 18% of their spring and

summer precipitation and, like the rest of southern

Australia, experience higher levels of interannual vari-

ability in terrestrial contribution compared to the north.

Continentwide terrestrial contributions were around

6 times more variable than marine sources. Since the

north-northwest and southeast regions receive more

moisture from terrestrial evapotranspiration than others,

these areas are most vulnerable to land-cover changes.

Potential changes in land cover that lower evapotrans-

piration will lower the supply of moisture for precipita-

tion (Pitman et al. 2004), especially in regions that rely on

it including the North Western Plateau, Tanami–Timor

Sea Coast, Carpentaria Coast, North East Coast, MDB,

and Lake Eyre. In contrast, the South West Coast is

particularly vulnerable to changes in SSTs and atmo-

spheric circulation processes that bring moisture from its

relatively small marine source region, which supplies

more than 97% of moisture for precipitation in winter.

c. Precipitation recycling

From the source regions, we computed a long-term

time series of precipitation recycling for each basin and

for the continent. On average, 19% of precipitation was

recycled to contribute to further annual precipitation over

Australia. Recycling was greatest in spring and summer

and lowest in winter. The seasonal cycle of recycling was

evident in all basins, with slight differences in the timing of

minima and maxima depending on location.

Land–atmosphere coupling, as measured by precipi-

tation recycling, was strongest in northern and eastern

Australia. In summer and autumn, coupling processes

amplified available moisture to contribute to further

precipitation most strongly in the Carpentaria Coast

(average annual maximum of 8.8%) and Tanami–Timor

Sea Coast (average annual maximum of 11.4%), semi-

arid North Western Plateau (average annual maximum

of 8.6%), and Pilbara–Gascoyne (average annual max-

imum of 7.3%). Terrestrial processes amplified precip-

itation most strongly in spring and summer in the

temperate MDB (average annual maximum of 9.2%).

Recycling appeared least important in southwestern

regions, approaching 0% in winter. The southwestern

basins of SouthWest Coast, SouthWestern Plateau, and

South Australian Gulf were dominated by remote pro-

cesses that advect marine moisture onshore each month.

Our estimates of precipitation recycling show a simi-

lar spatial pattern to previous recycling estimates. The

spatial pattern of recycling—highest in the north-

northwest and southeast, and lowest in the south-

west—is similar to van der Ent and Savenije (2011),

van der Ent et al. (2010), and Dirmeyer et al. (2009).

However, we estimate slightly lower recycling ratios.

At a scale of 105 km2, we estimate recycling to range

from an annual average of approximately 1% in the

southwest to 3.4% in the north-northwest (Fig. 7), as

compared with previous estimates of approximately

,2%–8% (Dirmeyer and Brubaker 2007), ,3%–8%

(Dirmeyer et al. 2009), and ,1%–5% (van der Ent and

Savenije 2011). Our range of estimates varied little

(60.1%) when we matched the time period to that of

Dirmeyer and Brubaker (2007) and Dirmeyer et al.

(2009), 1979–2003, or to van der Ent and Savenije (2011),

1999–2008.Moreover, the range of recycling estimated by

previous studies fits within the interannual variability

estimated here (Fig. 5). Differences in estimates were

expected because of different forcing, resolution, and

back-trajectory algorithms, as discussed in section 4a.

The relatively low recycling ratios estimated in the

present study echo the results of Hope and Watterson

(2018), who found limited precipitation persistence

across Australia following very wet months. While the

analysis did not directly estimate recycling, it indicates

that any recycling was limited and declined quickly

after the precipitation events.

d. Trends

The positive summer and negative winter trends in

moisture contributed to the MDB align with observed
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precipitation trends (Bureau of Meteorology 2020). No

significant trends were found in the associated marine

source region evaporation in this study. This suggests

regional moisture contribution changes are not a direct

result of changes to marine source region evaporation.

Instead these changes may be due to shifts in atmospheric

circulation patterns, local land–atmosphere coupling or

precipitation-generating mechanisms, or a combination of

factors. Indeed, a range of processes have been identified

as partially explaining the observed seasonal precipitation

changes in southeastern Australia. These include changes

in the frequency of El Niño and La Niña events (Cai and

Cowan 2008; Freund et al. 2019), the Indian Ocean dipole

(Ummenhofer et al. 2009), an increasing influence of the

northern dry season (Cai and Cowan 2013), and the up-

ward trend in the southern annular mode (Nicholls 2010).

Long-term changes to regional moisture contribution

can also point to potential drivers of MDB precipitation

trends. Precipitation simulated by WRF showed a pos-

itive trend of 11.3mmyr21 (p , 0.05) in summer,

and 20.9mmyr21 (p#0.15) in winter, similar to esti-

mates by the Bureau of Meteorology (2010) using

gauged precipitation observations for the same pe-

riod (11.5 and 20.6mm yr21 in summer and winter,

respectively). Of the positive summer trend, 52%

(10.7mmyr21; p , 0.05) was associated with rising

contributions in summermoisture from the Tasman Sea,

and 22% (10.3 mm yr21; p # 0.1) from the South

Pacific Ocean. Of the negative winter trend, 36%

(20.3mmyr21; p # 0.1) was associated with declining

contributions in moisture from the Southern Ocean,

16% (20.15mmyr21; p , 0.1) from the nonlocal land

and 7% (20.06mmyr21; p , 0.05) from the local land

surface. These results suggest that MDB precipitation is

being affected by an increase in the easterly flow of

moisture from the Tasman Sea in summer and by a re-

duction in both terrestrial moisture and the westerly

flow of moisture from the Southern Ocean in winter.

We found an upward trend in marine contributions to

the northwest of Australia, especially in spring. We also

found a significant upward trend in terrestrial contri-

bution, indicating a strengthening of land–atmosphere

coupling in this region in spring. Precipitation in north-

west Australia has exhibited an increasing trend of more

than 30mm decade21 since the 1950s (Holper 2011).

The attribution of these changes remains uncertain, but

our results showed that positive trends in the marine

contribution align with positive trends in evaporation in

the associated marine source regions. This suggests that

intensified evaporation, particularly in the Maritime

Continent, subtropical Indian Ocean, and tropical Pacific

Ocean, may have led to increased moisture advection

over northwest Australia, which may, in turn, have

contributed to the increasing precipitation seen in this

region since the 1950s.

Observed precipitation declines in the southwest since

the 1960s are not supported by significant declining

trends in moisture contribution in this study. Hope et al.

(2010) reported a 17% decline in May–July precipita-

tion in southwest Australia between 1969 and 2007, with

sharper declines in the 1990s. Declining precipitation in

the region has been attributed to a reduction in the

number of low pressure systems and increase in persis-

tence of high pressure systems (Hope et al. 2006). While

our results indicate negative trends in moisture con-

tributed to the region in winter, these are either small or

statistically insignificant.

5. Conclusions

Using a Lagrangian back-trajectory approach, we

quantified the evaporative source regions and level of

precipitation recycling for Australia and multiple hy-

drological basins. Presenting the seasonal climatology of

the newly established multidecadal time series of source

region and recycling, we identify the key marine and

terrestrial regions that supply moisture for precipitation

across Australia.

We showed, for the first time, that source regions varied

markedly across the different hydrological basins within

Australia. In the north, key sources included the tropical

Indian and Pacific Oceans, the Maritime Continent, and

evapotranspiration from the northern Australian land

surface. In the southwest, terrestrial contributions were

minimal, and moisture was supplied from a small source

region within the Southern and subtropical IndianOceans.

The key source regions for the southeast were the Tasman

Sea and Southern Ocean, with secondary contributions

from terrestrial sources. While the Tasman Sea and the

Southern Ocean were the most important source regions

for precipitation in the south and east of Australia, they

were also the ocean regions to exhibit the greatest inter-

annual variability. Interannual variability of ocean sources

was much less than terrestrial sources, whose year-to-year

variability was 6 times greater than marine sources on

average.

We have shown that advected marine evaporation

dominated the moisture contributed to precipitation

across Australia in all seasons, compared to terrestrial

evapotranspiration. While marine advection was rela-

tively more important, some regions were more reliant

on terrestrial contributions than others. Precipitation

in the north-northwest and southeast relied on terres-

trial moisture for up to one-quarter of its seasonal

precipitation. Precipitation in the north-northwest and

southeast is therefore most vulnerable to land-cover
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changes that may potentially alter the amount of

evapotranspiration, and thus the terrestrial moisture

available for local precipitation. In contrast, precipita-

tion in the southwest was dominated by remote pro-

cesses as it received the majority of its moisture from a

relatively small ocean region, making it vulnerable to

atmospheric circulation changes that advect the mois-

ture necessary for precipitation in this region.

The level of recycling of terrestrial moisture and the

strength of land–atmosphere coupling varied across

Australia. On average 19% of moisture was recycled

across Australia to contribute to further precipitation each

year. Recycling was strongest in northern and eastern

Australia in spring and summer (;9%), and weakest in

the southwest in winter. Winter land–atmosphere cou-

pling strength declined in the MDB over the last 35

years, as demonstrated by the downward trend in pre-

cipitation recycling in this region. In contrast coupling

strength in the northwestern basins increased, partic-

ularly in spring.

Moisture contributed by different ocean regions

showed distinct changes over the study period. Summer

moisture from the South Pacific Ocean and the Tasman

Sea showed positive trends for most basins. TheMDB in

particular showed positive trends in marine and terres-

trial contributions in spring and summer and negative

trends in autumn and winter, in line with observed

precipitation trends. Furthermore, we found a positive

trend in both terrestrial and marine contributions to the

northwest of Australia, especially in spring, which is also

in line with observed trends in precipitation.

The relative importance of local and remote processes

and strength of coupling processes presented here rep-

resent the average or climatological condition. A next

step is to analyze the relative roles of marine advection

versus local recycling during the various stages of

drought development. This is particularly relevant in the

MDB, a region that has suffered extreme droughts in

recent years and where land–atmosphere coupling

strength appears relatively strong. Insight into land–

atmosphere coupling behavior during drought onset,

duration, and termination will help guide our under-

standing of climate processes and aid the model devel-

opments needed to improve the prediction of this

region’s precipitation and its extremes. However, there

are other regions of Australia where the variability or

trend in precipitation is impacting natural and human

systems. The dataset that forms the basis of this study

provides a foundation for future analysis of precipitation

in each part of Australia and can be used to explore, for

example, the origin of drought-breaking events, the or-

igin of the most intense events, or the role of large-scale

drivers in source region variability.
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