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Abstract Droughts are associated with large-scale modes of variability, synoptic-scale systems, and
terrestrial processes. Quantifying their relative roles in influencing drought guides process understanding,
helps identify weaknesses in climate models, and focuses model improvements. Using a Lagrangian
back-trajectory approach we provide the first quantification of the change in moisture supply during major
droughts in southeast Australia, including the causes of the changes. Drought onset and intensification were
driven by reduced moisture supply from the ocean, as moisture was circulated away from the region,
combined with an absence of precipitation-generating mechanisms over land. During termination,
strengthened moist easterly flows from the Tasman and Coral Seas promoted anomalously high rainfall. Our
approach reveals terrestrial moisture sources played a secondary role, amplifying rainfall anomalies by
less than 6%. Simulating droughts therefore requires deeper understanding of the relationship between
moisture advection and synoptic-scale circulation and how large-scale climate variability and terrestrial
processes modify these relationships.

Plain Language Summary The relative roles of atmospheric circulation, weather systems, and
land surface processes in recurring droughts in southeast Australia are unclear. We tracked the path of
moisture as it moved through the air to find where the rain in southeast Australia comes from and what was
different in the atmosphere and land surface during the development, deepening and breaking of three
major droughts. We found that the leading cause for drought was that moisture originating from the
oceans did not reach the Murray-Darling Basin as often and produced less rain when it did. The drying
landscape exacerbated the low rainfall conditions but had a smaller effect than the ocean. The droughts were
broken by strong systems from the east carrying moisture from the ocean into the region. To better model
and predict drought we therefore need to understand the relationship between ocean moisture and the
weather systems that transport it to the land and how the relationship is affected by the land surface and
variability within the climate.

1. Introduction

The Millennium Drought (2001-2009) was the longest drought in the instrumental record (Van Dijk
et al., 2013) whereas the subsequent, most recent drought (2017-2020) has been the most severe. The impact
of drought is exacerbated by global warming such that 2019 was the warmest and driest year on record
(Bureau of Meteorology, 2020a). The recent hot and dry conditions contributed to an unprecedented bush-
fire season (Boer et al., 2020) and a serious health emergency (Yu et al., 2020). Low inflows led to record low
volumes in water storages (Murray-Darling Basin Authority, 2020). One region in southeast Australia parti-
cularly susceptible to drought is the Murray-Darling Basin (MDB), where the long-term trend to warmer and
drier conditions has affected the profitability of agriculture significantly (Hughes et al., 2019).

Drought in the MDB is associated with large-scale modes of variability. Rainfall variability and periods of
above- and below-average rainfall have been linked with the El Nifio-La Nifia cycle (e.g., Chiew et al., 1998),
the Indian Ocean Dipole (e.g., Ashok et al., 2003), the Southern Annular Mode (e.g., Hendon et al., 2007), the
Interdecadal Pacific Oscillation (e.g., Power et al., 1999), and combinations of each (e.g., Ummenhofer
et al., 2010). These modes of variability act to modify the probability of rainfall over southeast Australia
by perturbing the large-scale circulation of the atmosphere and the frequency and location of rain-bearing

HOLGATE ET AL.

1 0of 10



https://orcid.org/0000-0002-3645-2856
https://orcid.org/0000-0002-6508-7480
https://orcid.org/0000-0003-1776-3429
https://orcid.org/0000-0003-0604-3274
https://doi.org/10.1029/2020GL090238
https://doi.org/10.1029/2020GL090238
http://dx.doi.org/10.1029/2020GL090238
http://dx.doi.org/10.1029/2020GL090238
http://dx.doi.org/10.1029/2020GL090238
mailto:chiara.holgate@anu.edu.au
https://doi.org/10.1029/2020GL090238
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020GL090238&domain=pdf&date_stamp=2020-09-15

~u
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL090238

synoptic-scale systems. However, the direct, physical processes that drive the onset, intensification, and ter-
mination of southeast Australian droughts are not well understood. Anomalously low rainfall can be due to
changes in moisture supply from typical evaporative source regions, either via a reduction in evaporation or
due to anomalous atmospheric circulation patterns redirecting the moisture elsewhere. Using a Lagrangian
back-trajectory approach, we establish the cause of altered atmospheric moisture supply for rainfall during
meteorological drought onset, intensification, and termination in southeast Australia. While large-scale
modes of variability and interactions with synoptic-scale systems play a role, some contribution from terres-
trial processes is also likely. Our approach combines information on moisture sources, circulation change,
and land-atmosphere feedbacks across individual stages of drought, building on previous studies of moisture
transport variability (e.g., Bosilovich & Chern, 2006; Dirmeyer & Brubaker, 1999; Drumond et al., 2017;
Gimeno et al., 2010; Herrera-Estrada et al., 2019; Miralles et al., 2016; Roy et al., 2019; Stojanovic et al., 2017;
Van Der Ent et al., 2010; Wei et al., 2016). Our approach can be applied anywhere in the world to establish
the cause of modified atmospheric moisture supply, establish whether land processes amplify or dampen
rainfall anomalies, and in doing so establish the relative roles of local and remote processes influencing
the different stages of drought.

While some progress has been made to understand the role of terrestrial processes during drought (Herrera-
Estrada et al., 2019; Roundy et al., 2013; Roy et al., 2019; Zeng et al., 2019; Zhou et al., 2019), for many
regions of the world, including southeast Australia, it is uncertain whether local land-atmosphere feedbacks
act to amplify or suppress atmospheric moisture during drought. Here, we quantify the amplification of rain-
fall anomalies by the land surface as droughts intensify and terminate and the relative roles of local and
remote processes influencing each drought stage. Proper representation of land-atmosphere feedbacks is
essential for realistic drought simulation (Schubert et al., 2016). Our analysis is therefore central to resolving
why climate models struggle to simulate droughts well (Ukkola et al., 2018) and helps provide a means to
establish whether climate models simulate droughts for the right reasons.

2. Materials and Methods
2.1. Back-Trajectory Model

We estimated the evaporative origin of the moisture for rainfall falling in the northern and southern regions
of the MDB with a three-dimensional (3D) Lagrangian back-trajectory model. The model was based on
Dirmeyer and Brubaker (1999), but in addition to water vapor we also tracked other forms of atmospheric
water (liquid and solid). Moisture supplying rainfall events of >2 mm d~" between 1979 and 2013 were
tracked. For each day rainfall occurred within a grid cell, moist air parcels were launched from a precipitable
water-weighted height in the atmosphere at a rate proportional to the rainfall rate and advected through the
atmosphere using 3-D wind fields. As parcels moved across the grid at each 10-minute back-trajectory time
step, a proportion of the parcel's moisture was assumed to come from evaporation from the Earth's surface
below the parcel at that point in its trajectory. Parcels were tracked until (i) all the precipitable water at the
original rain cell was accounted for, (ii) the parcel reached the edge of the model domain (Figure 1a), or (iii)
the maximum back-trajectory time (30 days) was reached. The algorithm provided daily maps of evaporated
water that contributed to rainfall over the MDB every day during the 35-year time frame. Anomalies of
moisture supply to the MDB during droughts were then calculated as deviations from the 35-year
climatology.

The back-trajectory model was forced with 3D, six-hourly, 0.5° atmospheric fields of wind, temperature, pre-
cipitable water and pressure, and 2-D fields of rainfall and surface fluxes. Atmospheric fields were simulated
using the ERA-Interim-driven WRFv3.6.1 simulation. The simulation was spectrally nudged with winds and
geopotential height above approximately 500 hPa using ERA-Interim to ensure synoptic-scale systems
remained close to the reanalysis. The WRF simulation performed well against observations of temperature
and rainfall and was deemed suitable for the purposes of this study. For further detail of the evaluation and
back-trajectory model, the reader is directed to Holgate et al. (2020).

2.2. Definition of Drought Stages

The Bureau of Meteorology (2020b) defines drought as rainfall in the lowest decile (i.e., below the tenth per-
centile) of historical totals, and we adopt their definition in our analysis. Within each lowest decile year,
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Figure 1. Timeseries of droughts. (a) Location of regions and oceans set within the model domain; (b) rainfall climatology; (c) definition of rainfall percentiles;
(d) annual rainfall with mean; and (e) seasonal rainfall anomalies in the northern region; (f) and (g) as (d) and (e) but for the southern region. Years with annual
rainfall in the lowest decile and their corresponding seasons with below-average rainfall are marked in red; years in the top decile and their corresponding
above-average seasons are marked in blue.

drought seasons are those where the seasonal rainfall was below average (Figure 1c). Drought onset is taken
as the first season of drought, with the remaining seasons considered as the drought intensification stage.
Drought terminating years are those in the highest decile (i.e., above the 90th percentile). Within terminat-
ing years, drought termination seasons are those where the seasonal rainfall was above average (Figure 1c).
Based on these definitions, three drought periods occurred starting in 1982 (Drought A), 1994 (Drought B),
and 2002 (Drought C). The droughts terminated in different years between the regions, except for Drought C,
which terminated in 2010 (Figure 1).

We also estimated drought stages using the Standardized Precipitation Index (SPI, McKee et al., 1993; see
supporting information). Results were very similar using the SPI, and therefore, we focus on the
percentile-based drought definition. The definitions of drought used rainfall estimated from the
WRFv3.6.1 simulation for 1979-2013, to remain consistent with the back-trajectory analysis.
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2.3. Estimating Amplification

The degree to which local land-atmosphere feedbacks affected each drought stage was assessed via the rain-
fall recycling ratio (Pg). The 3-D time series of evaporative origin, obtained with the back-trajectory analysis,
was used to calculate the proportion of rainfall in a region A (P,), whose moisture was derived from evapo-
transpiration within the same region (My): Prx = M /P4[%]. To identify whether land surface processes
amplified or dampened rainfall anomalies during drought, we examined the change in the local terrestrial
moisture contribution compared to the rainfall anomaly. The anomalies were calculated from the region's
seasonal rainfall climatology. For rainfall in a region on any given day, we retained full spatial information
on the origin of the precipitated moisture through the back-trajectory results. We calculated an amplification
factor (Ar), expressed as follows:

AM],
AL =
AP

where AM; (mm) is the anomaly in the contribution of moisture from the local land surface to rainfall and
AP (mm) is the total anomaly in rainfall. Similarly, we estimated amplification factors for the moisture
contributions from the nonlocal land surface (Axz) and the ocean (Ap).

3. Results
3.1. Source Region Change During Drought

Drought onset in the northern (Figures 2a-2d) and southern (Figures 3a-3d) regions was dominated by
reduced marine moisture from the Tasman and Coral Seas to the east of Australia (Figure 1a), with
low-level winds directing moist marine air away from each region more often than normal (Figure SI).
Drought onset was typically associated with reduced terrestrial moisture from the land surface. For the
northern region this was within and directly north of the basin. For the southern region, terrestrial anoma-
lies consistently originated from within the northern region.

Drought intensification was also dominated by reduced marine moisture from the Tasman and Coral Seas
but covered a larger geographical extent than the onset stage, extending to the subtropical Indian and
Southern Oceans (Figures 2e-2h and 3e-3h). For the northern region, terrestrial anomalies remained simi-
lar in spatial extent and intensity to those for the onset stage. For the southern region, the spatial extent of
terrestrial anomalies increased as droughts intensified from initially the northern region only, to eventually
include both regions.

Drought termination in both regions was consistently associated with above-average moisture contribution
from the Coral and Tasman Seas, in line with strengthened easterly flow (Figures 2i-21 and 3i-31) compared
to the seasonal expectation (Figure S1). Drought-breaking marine moisture anomalies were similar in spatial
extent between events (especially for the northern region), extending from approximately 20 to 30°S and east
of the continent to approximately 160°E. Drought-breaking marine moisture contributions were from a lar-
ger area for the southern region, encompassing the Tasman Sea and Southern Ocean, but with marine moist-
ure anomalies from the Tasman Sea contributing most strongly to termination. Positive anomalies in
moisture supply from terrestrial sources were consistent between termination events and mirrored the nega-
tive terrestrial anomalies identified during the intensification stage for both regions.

3.2. Moisture Supply and Rainfall Favorability

To determine whether the anomalously low moisture contribution during drought was due to a reduction in
evaporation in the main marine source regions or due to redirection of the moisture elsewhere, we evaluated
several hydrometeorological metrics for each drought and compared them to their values for subsequent ter-
mination stages (Figure 4). The difference in rainfall during drought years and their respective termination
years in the northern region is evident in cumulative rainfall (Figures 4a-4c). For the northern region, the
low rainfall during drought years was not due to a reduction in evaporation in the marine source regions
(marine evaporation differed little between drought and termination years; Figures 4d-4f). A similar amount
of total precipitable water (TPW) was available during the drought year A (1982) and its termination (1983;
Figure 4g). In drought year B (1994), the TPW fell below 1998 values in the second half of the year
(Figure 4h). For both droughts A and B the 500 hPa maximum vertical wind speed suggests large-scale
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Figure 2. Moisture source anomalies during drought (a-d) onset, (e-h) intensification, and (i-1) termination in the northern region overlain by low-level wind
speed anomalies. Droughts A, B, and C are represented in the top three rows, with the bottom row showing their mean.

uplift was greater in the termination year, particularly from April to November (Figures 4j and 4k). This
suggests that even if the amount of atmospheric moisture was similar in the drought and termination
years of Drought A (and in the first half of Drought B), there was a lack of mechanisms to generate
precipitation. In Drought C (the Millennium Drought), both TPW (Figure 4i) and vertical uplift
(Figure 41) were lower than the termination year (2010).

Low rainfall in the southern region could also not be attributed to a reduction in evaporation in the marine
source regions (Figures 4d-4f). However, in contrast to the northern region, no consistent difference in pre-
cipitation favorability was suggested by vertical wind speed for Droughts A-C (Figures 4j-41). Instead, dur-
ing the three droughts, there was an apparent lack of TPW compared to the termination years
(Figures 4g-4i).

3.3. Amplification of Drought Stages

In all stages of drought, the local land surface amplified the rainfall anomaly to a similar degree in the north-
ern (Ay, = 5.1-6%) and southern (3.1-4.5%; Table 1c) regions of the MDB. In the northern region, the local
land played a larger role than normal during anomalous rainfall periods: It amplified the negative rainfall
anomaly during drought onset and intensification and amplified the positive rainfall anomaly during
drought termination (Table 1c). In the southern region local land amplification was limited during each
drought stage compared to climatology.
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Figure 3. As for Figure 2 but for the southern region.

Rainfall anomalies during drought and termination were also amplified by the ocean and the nonlocal land
surface. Rainfall in both basins was most influenced by the ocean (Ao > 73.9%; Table 1c). Land-atmosphere
feedbacks, as estimated by rainfall recycling, played a comparatively stronger role in amplifying rainfall
anomalies in the northern region (6.4%, 4.8%, and 5.3% during onset, intensification, and termination,
respectively) than the southern region (4%, 2.8%, and 3.9% during onset, intensification, and termination,
respectively). Comparatively stronger land-atmosphere feedbacks were expected in the northern region
compared to the south (Table 1; Figures S1i and S1j).

4. Discussion

Rainfall over the MDB is associated with different synoptic types (e.g., Pook et al., 2006) influenced by
large-scale drivers including the El Nifio-Southern Oscillation, Indian Ocean Dipole, Southern Annular
Mode, and atmospheric blocking (Risbey et al., 2009; Verdon-Kidd & Kiem, 2009). These large-scale modes
influence the weather systems during drought and likely also affect the typical sources of moisture. Here, a
Lagrangian back-trajectory approach was used to identify changes to moisture supply during major droughts
in the MDB. Our results demonstrate the importance of moisture advection during drought and therefore
emphasize the need to characterize the relationship between moisture sources and synoptic-scale processes
and how the relationship is modified by broader-scale circulation changes. More broadly, our results high-
light the importance of understanding the relationship between moisture advection and atmospheric
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Figure 4. Plots of cumulative monthly (a-c) rainfall, (d-f) marine evaporation, (g-i) total precipitable water, and (j-1) 500 hPa maximum vertical wind speed for
Droughts A-C in the northern (solid lines) and southern regions (dashed lines). Drought years are indicated by red/purple lines, termination years by blue lines.

circulation in regions where, like southeast Australia, rainfall is subject to large-scale modes of variability,
including parts of the United States, South America, Asia, and Africa.

Our results show that anomalous atmospheric circulation modified the strength of moisture advection
from key moisture sources during each drought stage. Climatologically, moist easterlies contribute to
year-round rainfall in the MDB and are supplemented by moist westerlies in winter and spring
(Figure S1). During drought, anticyclonic conditions over the MDB directed the typical easterly flow of
moisture toward the northwest and the typical westerly flow toward the southeast, depriving the basin
of moisture (Figures 2 and 3). In contrast, during drought termination moist easterly advection strength-
ened, bringing enhanced marine moisture for rainfall. Our results are therefore consistent with Rakich
et al. (2008) and Pepler et al. (2016) who demonstrated a clear relationship between strong easterlies
and higher summer rainfall across southeast Australia and weakened easterlies with lower rainfall. In
winter, stronger westerlies were associated with wetter conditions in the southern part of southeastern
Australia (Pepler et al., 2016). There is, therefore, a need to investigate the impact of synoptic systems
on the relationship between zonal winds, moisture advection, and rainfall during southeast Australian
droughts.

In addition to a reduction in advected marine moisture, the land surface also contributed to drought inten-
sification. Drought in the northern region was exacerbated by a reduction in precipitation-generating
mechanisms. This may be due to a reduction in local convective activity, suggested by the reduction in rain-
fall recycling and amplification of dry conditions by the local land surface during drought intensification. In
the southern region, the local land surface exacerbated dry conditions but to a smaller degree than normal.
In contrast, the typically large role played by ocean moisture in amplifying anomalous rainfall was further
enhanced during drought. The suppression of the local land's usual role in generating rainfall and the
enhanced role of the ocean both indicate that the ocean and remote processes became an even stronger dri-
ver of rainfall anomalies in the southern region during drought.

The nonlocal land surface amplified southern region rainfall anomalies during drought more than local
processes. The nonlocal land surface, including the northern part of the MDB, amplified southern
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6.0
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3.0
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353
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Ocean (Ap)
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58.9

Note. Values in (c) are bold where they exceed the climatological expectation in (b) and italicized where they are below the climatological expectation. Total amplification (i.e., A, + Anz, + Ao)

does not add to exactly 100% due to model discrepancy (<2%) between the amount of simulated rainfall and amount of moisture back-tracked.

region rainfall anomalies, especially during drought termination. This means the
southern region is partly reliant on moisture advected from the northern region
for droughts to terminate and is more vulnerable to land use changes that alter eva-
potranspiration and thus the supply of moisture for rainfall (Pitman et al., 2004).
While past studies have found that land cover changes have increased the severity
of droughts in southeast Australia (Mcalpine et al., 2009), our analysis indicates
that land use and land cover changes in the northern region would have an impact
on the supply of atmospheric moisture for rainfall in the southern region. Our
results, therefore, highlight a potential mechanism to partly explain declines in
rainfall over the southern MDB that requires further investigation.

There are some limitations to our approach. We used a single modeling system—
WRFv3.6.1 driven with ERA-Interim reanalyses—together with a Lagrangian
back-trajectory algorithm. While WRFv3.6.1 has been shown to work well over
southeast Australia when using ERA-Interim (Di Virgilio et al., 2019), and uncertain-
ties in the back-trajectory model are likely to have only a small impact on results
(Holgate et al., 2020), we cannot discount that our results are partly dependent on this
choice of modeling system.

Simulating droughts in southeast Australia has been an ongoing challenge (Ukkola
et al., 2018). Modes of variability, global warming, ozone depletion, sea ice dynamics,
land use, and land cover change have all been proposed as partial explanations for
drought. Our back-trajectory approach demonstrates that to simulate droughts for
the right physical reasons, models need to source moisture from the right marine
and terrestrial regions and in the right proportions. Our analysis also suggests that
the initiation of droughts, their intensification, and termination have distinct signa-
tures. A climate model used to simulate droughts should match these signatures,
which are established by interactions between the modes of variability, in a warming
climate, and moderated or ameliorated by land surface feedbacks. This places a con-
siderable demand on climate models, but where models fail to capture these signa-
tures, at least acknowledging these current shortcomings guides where future
improvements need to take place.

5. Conclusion

‘We have shown that major southeast Australian droughts were intensified and termi-
nated chiefly by anomalies of marine moisture from the Tasman and Coral Seas asso-
ciated with shifts in atmospheric circulation. During drought, anomalous
atmospheric circulation patterns redirected moisture away from southeast
Australia. This reversed during drought termination, promoting strong advection of
moisture from the ocean into the region. This highlights the need to prioritize under-
standing of the relationship between synoptic-scale circulation and moisture advec-
tion, and how this relationship is modified by large-scale climate variability, in
drought-prone regions of the world.

While a reduction in advected marine moisture was the dominant cause of drought
throughout the MDB, the northern region also experienced a reduction in conditions
favorable for the precipitation of available atmospheric moisture. This highlights the
need to identify the mechanisms responsible for the suppression of rainfall genera-
tion during drought and specifically whether these mechanisms reflect local convec-
tive or larger-scale rainfall generating mechanisms.

We showed the land surface acted to amplify rainfall anomalies during all stages of
drought. Local terrestrial moisture played a secondary role to ocean moisture contri-
butions which dominated the development and termination of drought in southeast
Australia. However, we found evidence that reduced moisture sources in the
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northern region might partly explain reductions in rainfall in the southern region, a result that deserves
further exploration.

The physical mechanisms leading to drought and its termination shown by our results provide a template for
evaluating climate models used for simulating droughts. A research priority is to examine whether any of the
current generation of climate models simulate droughts over southeast Australia with signatures and a rela-
tive role of marine and terrestrial moisture sources that are in line with the mechanisms we identified. More
broadly, our approach provides a framework for investigating causal mechanisms of drought that can be
applied to other regions of the world.

Data Availability Statement

CORDEX-Australasia climate simulations used in this study are publicly available (https://climatedata.
environment.nsw.gov.au/).
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