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Abstract

Rainfall variability over Australia is revisited from the viewpoint of the atmo-
spheric moisture budgets in three regions: the extratropics, Subtropics, and
Tropics. The budgets are calculated using three-hourly European Centre for
Medium-Range Weather Forecasts Reanalysis v5 (ERA5) and ERA5-Land data
between 1979 and 2022. The use of the moisture budget at short time-scales
enables the investigation of the relationship between synoptic weather-scale
processes and the longer term variability of the rainfall climate. The total
variability in the vertically integrated moisture flux divergence (VIMD) is sig-
nificantly larger than the evaporation minus precipitation (E — P), to a large
extent due to the sub-daily time-scales. E — P is related more closely to moisture
flux convergence in winter (summer) over south (north) Australia, suggest-
ing a clear seasonality in the relationship between the two budget terms. The
E — P-VIMD relationship is nearly in phase in the Tropics, whereas VIMD
leads E — P by 9-15 hr with eastward-propagating signals in the extratropics and
Subtropics. Such seasonal and regional discrepancies in the relationship are
attributed to the background state of moisture availability and temperature as
represented by relative humidity and lifting condensation levels. The variability
of the budget imbalance and its seasonality are dominated by the variability in
VIMD. The imbalance reduces rapidly with temporal smoothing, with the stor-
age term approaching zero at approximately 20 days, which can be thought of as
making a transition time-scale from high-frequency weather-related variability
into slow-varying background conditions. Weather-related variability (cyclones,
fronts, and thunderstorms) dominates the overall E — P variability in the extrat-
ropics and Subtropics, whereas slow-varying background conditions contribute
equally to the total variability in the Tropics.
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1 | INTRODUCTION

The rainfall variability in Australia is commonly attributed
to the combined influence of large-scale modes of vari-
ability and various weather systems. Planetary-scale fac-
tors, such as El Nifio—Southern Oscillation, Indian Ocean
dipole, interdecadal Pacific oscillation, Madden-Julian
oscillation, and southern annular mode, are thought to
regulate much of the rainfall variability from subsea-
sonal to decadal time-scales (Ashok et al., 2003; Chiew
etal.,1998; Cowan et al., 2013; Hendon et al., 2007; Liguori
et al., 2022; Power et al., 1999; Risbey et al., 2009; Spens-
berger et al, 2020). On shorter time and space scales,
weather systems such as fronts, thunderstorms, cyclones,
and tropical lows are common rain-producing systems
(Dowdy & Catto, 2017; Pepler et al., 2020, 2021). The tem-
poral and spatial variability of regional rainfall depends
primarily on the interaction between these high-frequency
weather systems and slowly evolving large-scale climate
modes. It is commonly argued that the dominant modes
of variability affect the occurrence of regional rainfall in
Australia by modifying the large-scale atmospheric circu-
lation and thereby modifying the frequency, intensity, and
location of rain-bearing weather systems. It is, therefore,
important to explore how rainfall variability on weather
and climate time-scales interact.

The atmospheric moisture budget is a useful theo-
retical framework to connect weather and climate scales
(Chen et al., 2019; Norris et al., 2019a; Norris et al., 2019b;
Norris et al., 2020; Seager et al., 2014; Ting et al., 2018),
as it links the precipitation P variability to two variables:
evaporation E and moisture divergence in the form of net
fluxes as expressed by the following equation (Trenberth
& Guillemot, 1995):

0
LV @n=E-P )

where q (g-kg™) is the specific humidity and V = (u,v)
(m-s~1) is the zonal and meridional wind. The angle brack-
ets represent a mass-weighted vertical integral. The term
on the right-hand side is the difference between surface
evaporation and precipitation (E — P). The first term on the
left-hand side is the tendency of column-integrated mois-
ture, also known as the storage term, and the second term
is the vertically integrated moisture divergence (VIMD).
Through Equation (1), changes in the vertically integrated
moisture content in a region are related to fluxes to and
from other areas (remote and mostly circulation driven)
and fluxes to and from the surface (local and mostly ther-
modynamically driven).

On sufficiently longer time-scales, the meaning of
which will be discussed in the next section, the climate

system can be assumed to be at equilibrium. Thus, the
storage term, a temporal derivative, approaches zero and
E — Pis balanced by VIMD, suggesting a direct connection
between large-scale circulation and thermodynamic and
dynamic processes within the column. However, on short
weather time-scales, the balance usually does not hold. As
the dynamical fluxes from other areas are produced pri-
marily by weather systems entering or leaving the regions,
exploring how this balance is achieved in different regions
as the averaging intervals vary can potentially provide
insight into how weather systems interact with long-term
climate variability. However, the distinction between
high-frequency weather processes and slow varying cli-
mate variability in terms of time-scale is not documented
for Australia. Here, we present an approach to quantify
the weather-climate transition time-scale. The climate
time-scale in this study represents the low-frequency vari-
ability longer than a time-scale where the two budget
terms are in balance.

Previous studies on rainfall variability in Australia
have focused on understanding how large-scale climate
modes are related to rainfall variability (Ashok et al., 2003;
Ashoketal.,2007; Cowan et al., 2013; Fierro & Leslie, 2013;
Li et al., 2016; Liguori et al., 2022; Lim et al., 2017; Risbey
et al., 2009), how different weather systems affect rain-
fall variability (Dowdy & Catto, 2017; Hauser et al., 2020;
Moron et al, 2019; Pepler et al., 2020, 2021; Wilson
et al., 2013), and how rainfall variability will evolve in
the near future under different climate change scenar-
ios (Alexander & Arblaster, 2017; Brown et al., 2016;
Brown et al., 2017; Dey et al., 2019; Grose et al., 2020;
Narsey et al, 2020; Pitman & Perkins, 2008; Zhang
et al., 2019). However, little attention has been given to
understanding how rainfall variability on the weather
time-scale connects to climate. Also, studies on rainfall
variability in Australia based on the moisture budget
are scarce (Holgate et al., 2020; Newman et al., 2012;
Norris et al., 2022). In this context, this study investigates
how dynamical processes, as represented by VIMD, are
related to rainfall variability and how such variability on
weather time-scales relates to and integrates with climate
variability.

This article investigates the moisture budget over three
Australian regions representative of the extratropics, Sub-
tropics, and Tropics, with a focus on how and on what
time-scales the balance between E—P and large-scale
fluxes is achieved through weather variability. This leads
us to a novel separation between weather and climate
time-scales based on the behaviour of the moisture bud-
get. We show that different regions have very different
contributions from weather versus climate variability and
different relationships between the different budget com-
ponents. Finally, the new framework developed here is
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applied to understanding the processes leading to anoma-
lously wet and dry years in the different regions.

2 | DATA AND METHODS

Throughout this study, we use three-hourly data from the
European Centre for Medium-Range Weather Forecasts
Reanalysis v5 (ERAS; Hersbach et al., 2020) at 0.25° X 0.25°
resolution for the years 1979 to 2022. Specifically, we
use rainfall, evaporation, vertically integrated moisture
flux divergence, mean-sea-level pressure (MSLP), specific
humidity q, and wind divergence data. The VIMD in ERA5
is computed from model levels by integrating the hori-
zontal rate of moisture flow per metre across the flow for
a column of air extending from the surface to the top of
the atmosphere. For the evaporation over land, we use
the data from the ERA5-Land analysis (Mufioz-Sabater
et al., 2021), as it provides a higher quality representation
of the land surface consistent with the atmospheric con-
ditions depicted by ERAS. For any ocean areas, we use
evaporation directly from ERAS5. As rainfall can strongly
vary seasonally across the Australian continent, we sepa-
rate our analysis into extended summer (October-March)
and extended winter (April-September) seasons. We only
show the results for summer in the Tropics, as there is very
little (less than 20%) rainfall in winter, at least over land
(Suppiah, 1992).

The budget terms (E — P and VIMD) are calculated by
taking the area-weighted average over three representative
regions of the same size in Australia with climatologically
high rainfall rates: one in the extratropics, one in the Sub-
tropics, and one in the Tropics (Figure 1). We estimate
the storage term by subtracting VIMD from E - P, which
might include some numerical error from the reanalysis
(Mayer et al., 2021). To quantify this, the correlation coeffi-
cients and root-mean-square error between the estimated
and actual storage terms are computed. The actual stor-
age term is computed by taking the 3-hr difference of the
vertically integrated specific humidity. The actual storage
term shows good correspondence with the estimated one,
with correlation coefficients (root-mean-square error) of
0.93 (0.31 mm), 0.90 (0.3 mm), and 0.89 (0.31 mm) for the
extratropics, Subtropics, and Tropics respectively, based on
three-hourly time series. When we repeat all the analy-
ses presented here using the actual storage term instead
of the estimated storage term, the results are similar and,
therefore, do not change any of our major conclusions. For
convenience, we refer to the storage terms as residual in
subsequent sections.

To quantify the contribution of specific humidity and
wind divergence to total VIMD, we compute the total col-
umn moisture by integrating the specific humidity from

Royal Meteorological Society
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FIGURE 1 Rainfall climatology (mm/3 hr) between 1979
and 2022. The blue boxes define the study region in the extratropics
(31°S-38.5°S, 140°E-153°E), Subtropics (21°S-29°S,
140.5°E-153.5°E), and Tropics (12°S-19.5°S, 124.5°E-137.5°E).

1,000 to 1hPa. Likewise, we calculate the lower tropo-
spheric wind divergence by integrating horizontal diver-
gence from 1,000 to 850hPa, as the column-integrated
values are close to zero. We integrate only up to 850 hPa,
as the climatological specific humidity is mostly concen-
trated in the lower troposphere. Note that both vertical
integrals are mass weighted.

We use six-hourly Australian weather types datasets
from 1979 to 2015 (Pepler et al., 2020) to assess the con-
tribution of different weather systems to rainfall variabil-
ity. The weather types dataset objectively identifies the
occurrence of fronts, cyclones, thunderstorms, and their
combinations based on ERA-Interim reanalysis at 0.75°
horizontal resolution. The dataset identifies eight weather
types using various methods: cyclone only, front only,
thunderstorm only, cyclone-front, cyclone-thunderstorm,
front-thunderstorm, cyclone—cold front-thunderstorm,
unconfirmed front/cyclone (fronts or cyclone identified by
only one method), and undefined (no weather system is
defined). Readers are referred to Pepler et al. (2020) for
more details. Even though the data are available for the
entire Australian continent, the weather types identified
are mostly useful for areas south of 25°S as the techniques
used for cyclones and fronts identification are more effec-
tive for midlatitude weather systems (Pepler et al., 2020).
Therefore, we use this dataset only for extratropics and
subtropics.

For the Tropics, we use a six-hourly coherent poten-
tial vorticity (PV) minimum to represent the weather
processes. Coherent cyclonic PV anomalies were tracked
on the 315K isentropic surface using the algorithm of
Barnes et al. (2023) based on six-hourly ERA5 data. Only
closed cyclonic PV minima with a minimum threshold
0f0.01 PVU (1 PVU =1 x 107° K-m?-kg-s™!) that persist for
at least 24 hr are retained by the algorithm. Low-level
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(a,d) Mean and (b, e) standard deviations of E — P and vertically integrated moisture flux divergence (VIMD) (mm/3 hr)

based on three-hourly data between 1979 and 2022. (d, f) Standard deviations based on 1-day running mean. Positive values of VIMD

represent moisture flux divergence.

(in this case 315K) coherent cyclonic PV anomalies are
found preferentially in the Australian Tropics and along
the east coast of the continent during the summer months
(Berry et al., 2012; Hoang et al., 2016). They are impor-
tant for the rainfall over the Australian monsoon, with
an estimated 40-50% of the rainfall occurring in trop-
ical Australia occurring in proximity to them (Berry
etal., 2012).

2.1 | Overall moisture budget key
characteristics

To provide an overview of the spatial distribution of the
moisture budget, Figure 2 shows the mean and standard
deviation of E—P and VMID between 1979 and 2022.
We note that the climatology of the three-hourly E — P
and VIMD is not in perfect balance. Regions with larger
imbalances are associated with complex topography, such
as the inland regions of southeast and southwest Aus-
tralia (Figure 2a,d), where the numerical error is the
largest for VIMD in the ERAS dataset (Mayer et al., 2021).
Though the spatial structures of the standard deviation
based on three-hourly data are similar for E—P and
VIMD, with larger variability along the coasts and smaller
variability inland, their magnitudes differ significantly

(Figure 2b,e). The standard deviation for VIMD is nearly
twice that of E — P. Applying a daily running mean filter
to the three-hourly time series removes the large differ-
ence in variability between the two budget components
(Figure 2c,f). This indicates that the difference in variabil-
ity is to a large extent due to the higher sub-daily variability
of VIMD. It is noteworthy that both E — P and VIMD show
larger variability along the northern and eastern coastlines
because of the relatively larger wind and moisture vari-
ability associated with the land-ocean interaction (Mapes
etal., 2003). However, over the south and southwest coasts
and associated land masses, the variability of E— P and
VIMD is comparatively low as the annual climatologi-
cal winds are predominantly northeasterlies to easterlies
(Pepler et al., 2018) flowing from land areas, and hence
are relatively dry. The seasonal maps of mean and variabil-
ity exhibit similar characteristics (Supporting Information
Figure S1).

To illustrate the difference in variability of E — P and
VIMD in the three regions at different times of the year,
the daily time series from July 1979 to June 1980 is pre-
sented in Figure 3. There is a clear seasonal contrast in
the covariance of the budget terms, and consequently the
budget closure, between the extratropics and Tropics. In
the extratropics, the two budget terms are more closely
related in winter than in summer with the covariance
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FIGURE 3 Daily time series of E— P
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(a) Tropics

and vertically integrated moisture flux
divergence (VIMD) in mm-day~* from July
1979 to June 1980 in the (a) Tropics, (b)
Subtropics, and (c) extratropics. The daily
values are obtained by applying a 1-day
running mean to three-hourly time series.

Positive values of VIMD represent divergence.

mm-day~'

mm-day~’

T
Jul

of 0.08 and 0.02mm?.day—2, whereas the opposite
is true in the Tropics (COVgummer ~0.37 mm?-day=2;
COVyinger ~ 0.02 mm?2-day~—2).

The seasonal evolution of budget terms in the Subtrop-
ics is a mix of the other two regions: the budget terms
co-vary more in summer (COVgymmer ~ 0.18 mm?-day—?;
COVyinter ~ 0.02 mm?-day—2), like in the Tropics, and the
seasonal evolution of the VIMD variability is like that of
the extratropics. This is because the rainfall variability
in the Subtropics is affected by both extratropical distur-
bances (e.g., atmospheric blocking and cut-off lows) and
tropical processes (e.g., tropical cyclones, and local trade
wind variability) (Klingaman, 2012). We will quantify the
covariance of the moisture budget components in Section
2.3. First, we will investigate the characteristics of their
variance in the following section.

2.2 | Moisture budget variability

2.2.1 | The seasonal cycle of variability

The single year of the time evolution of the budget terms
(Figure 3) showed a clear seasonality in the imbalance,
with marked differences in the seasonal evolution for dif-
ferent regions. We quantify this behaviour by investigating
the seasonality of the mean and variance of the imbal-
ance (residual term) in the budget. The primary reason
for focusing on the residual term is to assess the seasonal
evolution of moisture imbalance.

T T T T T T T T T T
Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun

The seasonal evolution of the mean and variance of
the residual shows remarkable differences between the
extratropics and Tropics, with the Subtropics showing the
behaviour of both regions (Figure 4). Climatologically,
the extratropics experience a moisture decrease for most
months except for spring (Figure 4c, green plus signs). As
monthly E — P is mostly positive in the extratropics (not
shown), the moisture deficit is primarily due to increased
large-scale moisture divergence. In contrast, there is an
increase (decrease) in moisture from spring to summer
(fall to winter) in the Tropics (Figure 4a) because of an
increase (decrease) in both evaporation and moisture con-
vergence (not shown). The seasonal cycle of the mean
residual in the Subtropics resembles that of the extra-
tropics (Figure 4b). The variance of the residual (blue
bars) shows pronounced seasonality, with larger (smaller)
variability in summer (winter) in the extratropics. The
Tropics show a small seasonal cycle in residual variabil-
ity, while the subtropical values fall between those of the
other regions with a small seasonal cycle more closely
resembling that of the extratropics.

To quantify the individual contributions of E — P and
VIMD to the total residual variance, we decompose the
total variance into three components: (a) the variance con-
tributed by E — P, (b) the variance contributed by VIMD,
and (c) the variance contributed by covariability between
E—P and VIMD, such that their sum is equal to the
total variance. Note that the covariance between E — P
and VIMD needs to be subtracted to yield the total resid-
ual variance but is presented as positive in the figure
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FIGURE 4

Mean (green plus; mm/3 hr) and variance (light blue bars; mm?/3 hr?) of the residual for the (a) Tropics, (b) Subtropics,

and (c) extratropics based on three-hourly data. Dashed lines with circles show the correlation among budget terms for each month. The
mean and variance are denoted by u and ¢2. The covariance between E — P and vertically integrated moisture flux divergence (VIMD) is

multiplied by —1 for comparison.

for ease of comparison with the other components of
variance.

VIMD accounts for most of the seasonal variability
of the residual in the extratropics (Figure 4c). This is
also true for the Subtropics; however, E — P contributes
a larger fraction of variance during summer than win-
ter (Figure 4b). The VIMD dominates the variability in
the Tropics in spring and winter, whereas E — P becomes
almost as important in summer and autumn (Figure 4a).
The comparable contribution of E — P to residual variabil-
ity in summer in the Tropics and Subtropics is due to the
increased variability of evaporation (not shown), which
is also reflected by the higher covariance between E — P
and VIMD. The covariance in the extratropics is consid-
erably low throughout, suggesting that the large-scale
moisture divergence is the primary driver of the moisture
imbalance.

2.2.2 | Time-scales of variability

The residual variability analysis in the earlier section
was carried out for three-hourly data; that is, weather
time-scales. At the same time, we know that for sufficiently
long time-scales, the residual approaches zero (except for
small re-analysis errors), slow varying climate time-scales.
To get a better sense of weather-climate transitions in
the moisture budget, we next investigate how the residual
variability changes with the averaging time-scale. To do

so, we apply a running-mean filter of lengths from 1 to
365 days and compute the mean residual for each filtered
time series. We chose the summer season for this analysis
as it includes the tropical rainy season.

The mean summertime residuals decay rapidly,
with temporal smoothing (running mean) in all three
regions being almost constant for time-scales longer than
20-30days (Figure 5a). We interpret the flattening of
the residual curve as the transition from high-frequency
weather to slowly evolving climate variability. To better
quantify where this transition occurs in each region, we
implement the window-based search method to identify
the change pointin the residual curve (Truong et al., 2018).
The window-based search method computes the discrep-
ancy between two adjacent windows that move along
the time series. A change point is detected when the two
windows significantly differ in their statistical properties
(mean or standard deviations). The change point approach
estimates the transition time-scale at 17, 21, and 23 days
in the extratropics, Subtropics, and Tropics respectively,
with a mean value of 20 days. The transition time-scales in
winter are comparable to those in summer (not shown).

It is important to note that these transition time-scales
are sensitive to the spatial extent of the region chosen
for averaging. In general, the transition time-scales get
shorter with increasing area. For example, at sufficiently
large spatial scales (>2,000 km), the transition occurs after
a few days (not shown). Therefore, we chose the box size
such that the transition time-scales based on area-averaged
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FIGURE 5 (a)Mean residual (mm/3 hr) for different running mean filters in the Tropics (blue), Subtropics (green), and extratropics

(red). (b) E — P explained variance (%) in the weather (<20 days) and climate (>20 days) time-scales in summer. Low- and high-pass
Butterworth filters are applied to partition the total variance into weather and climate components.

E — P time series are not significantly different from those
calculated at individual grids and later averaged for the
entire region.

Considering 20 days as the weather-climate transition
time-scale for all regions, we can quantify the E — P vari-
ance on weather and climate time-scales. We do so by
computing the explained variance in weather (<20 days)
and climate (>20 days) time-scales by applying a low- and
high-pass Butterworth filter. We calculate the explained
variance by taking the square of the linear correlation
with the unfiltered time series. In summer, weather pro-
cesses contribute 82% and 71% of the total variance in the
extratropics and Subtropics respectively (Figure 5b). The
contribution from weather and climate in winter is com-
parable to that in summer (not shown). In the Tropics,
weather and climate are equally important contributors
to the total variance. In summer, about 52% (48%) of the
variance is observed on the climate (weather) time-scale.
The larger contribution of low-frequency climate variabil-
ity in the Tropics suggests that the annual cycle has much
greater control over rainfall than in the Subtropics, as
the seasonal cycle of rainfall is pronounced in northern
Australia (Nicholls et al., 1982).

To understand the key weather systems respon-
sible for E— P variability in the weather time-scales,
we compute the frequency of different weather sys-
tems based on six-hourly weather types datasets (Pepler
et al., 2020). The frequency is computed at each grid
point for wet (E—P<0) and dry (E — P> 0) conditions
based on a six-hourly box averaged E — P time series and
then averaged over the desired regions. We categorise
the eight weather types from Pepler et al. (2020) into
four: (a) cyclone/front; (b) thunderstorm; (c) High

(anticyclone circulations); (d) unknown. Weather types
such as cyclone, front (cold or warm), cyclone—front,
cyclone-thunderstorm, front-thunderstorm, and
cyclone-front-thunderstorm are all categorised as
cyclone/front for simplicity. The unknown category con-
sists of unconfirmed (fronts and cyclones identified by
only one method, as multiple methods were used for fronts
and cyclone detection) and unidentified (no weather sys-
tem is defined). This dataset is primarily designed for
midlatitude weather systems and, therefore, is not suit-
able for the Tropics. Therefore, in the Tropics, we use
the six-hourly coherent cyclonic PV anomalies. We com-
pute the frequency of occurrence of PV minimum with a
threshold ranging from 0.25 PVU to 1 PVU within the box
for wet (E — P <0) and dry (E — P > 0) conditions.

Roughly 48% (34%) of the wet (dry) conditions are asso-
ciated with cyclonic PV anomaly of at least 0.25PVU in
the tropics (Figure 6a). Similar results are obtained for
stronger PV anomalies. As tropical low-pressure systems
are of common occurrence during summer, it is not sur-
prising that a considerable fraction of dry conditions is also
associated with cyclonic PV anomalies.

The frequency distribution of weather types shows
that cyclones/fronts are the most relevant weather types
for E — P variability in the Subtropics and extratropics
in both seasons (Figure 6b-e). In the Subtropics, during
summer, both cyclones/fronts (FRQ ~ 34%) and thunder-
storms (FRQ ~29%) contribute equally to the wet con-
ditions, whereas cyclones/fronts dominate the variabil-
ity in winter (Figure 6b,c). High-pressure systems are
more frequent in dry conditions in both seasons. In
the extratropics, cyclones/fronts are the most important
weather systems associated with more than 50% of wet
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conditions (Figure 6d,e). Thunderstorms share up to 15%
of the wet conditions. Cyclones/fronts are also common
weather features in dry conditions, but the frequency of
high-pressure systems is greatly increased in both seasons,
especially in winter (FRQ ~ 37%).

Interestingly, a comparable fraction of dry conditions
is associated with cyclonic PV anomalies (cyclones/fronts
or thunderstorms) in the Tropics (Subtropics and extra-
tropics). Though the passage of these weather systems
could potentially produce necessary circulation anomalies
and vertical motion, the lack of moisture within the sys-
tem leads to little or no rainfall (10-15% of total seasonal
rainfall) in dry conditions. To support this inference, we
compute the mean of vertically integrated (1,000 hPa to
1 hPa) specific humidity in wet and dry conditions associ-
ated with cyclonic PV anomalies in the Tropics and all four
weather types in the extratropics/Subtropics. On average,
the mean values of vertically integrated specific humid-
ity in wet conditions are 1.5 to 2 times higher than in dry
conditions (not shown).

It is noteworthy that a considerable fraction of the
weather types falls under the unknown category, which
includes unconfirmed or unidentified weather types.
About 50% of total six-hourly observations in the unknown
category are unidentified, and their proportion is larger in
winter than in summer (not shown). Even though a large

fraction of weather types is unconfirmed or unidentified,
their contribution to total seasonal rainfall in South Aus-
tralia is minimal (Pepler et al., 2020, 2021). For example,
about 10% (17) and 20% (23) of the seasonal total rainfall
in summer (winter) is not associated with any of the four
weather types explored in the extratropics and Subtropics
(not shown).

2.3 | The relationship between E — P
and VIMD

The analysis in the previous section showed a very strong
covariance of E — P and VIMD in the Tropics and Subtrop-
ics in summer, with very low values in the extratropics. A
possible explanation for the low covariance in the extra-
tropics is the presence of a lagged relationship between
the two terms. To investigate this further, Figure 7 shows
the lag correlations between E — P and VIMD for all three
regions.

One of the distinct behaviours of E — P variability
in the extratropics and Subtropics is its lag relation-
ship with VIMD. In summer, the maximum moisture
flux convergence leads to negative E — P by 12hr (9 hr)
with a correlation coefficient of 0.51 (r~0.57) in the
extratropics (Subtropics) (Figure 7b,c). In winter, the
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represents the total correlation, and the red and blue lines respectively represent the correlation between E — P and convergence (VIMD-C)

and divergence (VIMD-D). A positive correlation is VIMD leading E — P. Grey dashed lines represent the 99% confidence level.

correlation between E — P and VIMD is slightly stronger,
with a shorter lag in the extratropics (r ~ 0.61; lag ~ 9 hr).
Interestingly, the correlation coefficients in the Subtropics
are slightly lower during winter, and the lags are a little
longer (r ~0.51; lag ~ 15 hr). Even though the differences
in the correlation coefficients between summer and win-
ter are smaller, they are statistically significant at the 99%
confidence level because of the large sample size. Notably,
the correlation in winter does not show a pronounced peak
like in summer because of the large variability in the E — P
and VIMD relationship (not shown). This is an interesting
issue that needs further exploration and could be a topic
for future research.

Unlike the extratropics/Subtropics, the lag between
the two budget terms is shorter (lag~ 3 hr) in the tropics,
with a considerably higher correlation coefficient of 0.78
(Figure 7a). Such a nearly in-phase and stronger relation-
ship reflects the typical tropical convective rainfall patterns
where the moist air rises due to surface heating and the
associated circulation, producing rainfall instantaneously
(Davies et al., 2013).

One of the striking characteristics of the E — P-VIMD
relationship is the diurnal cycle. In the Tropics the diurnal
cycle of the E — P-VIMD relationship is quite pronounced.
This feature is substantially reduced in the Subtropics
and extratropics. The diurnal cycle of rainfall and VIMD
is stronger in the Tropics (not shown) because of the
stronger diurnal thermal contrast between the ocean
and land masses (Sato et al., 2009; Yang & Smith, 2006).
The coherence between E — P and VIMD on a sub-daily
time-scale in the Tropics suggests the importance of the
diurnal cycle to rainfall variability, compared with the
extratropics and Subtropics.

We decompose the total correlation by separat-
ing instances of vertically integrated moisture flux

convergence (VIMD-C) and divergence (VIMD-D). The
correlation between E — P and VIMD-C (VIMD-D) is cal-
culated by replacing all the VIMD-D (VIMD-C) values
with zeros. The correlation between E — P and VIMD-C
dominates the total correlation in all three regions in
both seasons. The positive correlation between E — P and
VIMD-D in the extratropics (Subtropics) suggests that
VIMD-D prevails over the region 12-15hr (18-30hr)
before maximum rainfall, whereas the negative corre-
lation coefficient 18-20hr (24-27hr) after the rainfall
maximum indicates that rain can still occur within the
region of VIMD-D. In the Tropics, VIMD-D plays little or
no role, as rainfall variability is primarily contributed by
VIMD-C.

The lag correlation also provides a means of quan-
tifying the time-scale of the rainfall events by assessing
the decorrelation time. The decorrelation time gets longer
from south to north. The life cycle of rainfall events in the
extratropics and Subtropics ranges from 2 to 4 days. In the
Tropics, rainfall can occur for more than 16 days, with a
maximum at day zero.

The monsoon lows are a common synoptic pattern in
the Tropics, and these features are observed every 2-3 days
(Berry et al, 2012) associated with more than 50% of
the wet conditions. Such disturbances along with a moist
background state could produce rainfall for several days.
On the other hand, rainfall events are short-lived in the
extratropics and Subtropics as they are primarily asso-
ciated with high-frequency midlatitude weather systems
such as fronts, cyclones, and thunderstorms.

The lag relationship is further confirmed by time-lag
phase composites of E — P 2 days before and after the peak
of strong rainfall events. We identify these events as those
above the 90th percentile of the three-hourly E — P—the
negative of the right-hand side of Equation (1) time series.
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We construct the corresponding composites of VIMD and
MSLP for the selected E — P events. We also apply a 20-day
low-pass Butterworth filter to the raw data and compute
the composites to compare the large-scale atmospheric
features on weather and climate time-scales.

To illustrate the synoptic feature associated with strong
rainfall events at weather and climate time-scales, we
present the composites for raw and 20-day low-pass filtered
data 1day before the heavy event, the day of the event,
and the day after the event (Figure 8). We apply a 20-day
low-pass filter to demonstrate and compare the large-scale
features associated with a slow-evolving background state.
For the raw data, we observe clear eastward-propagating
signals of VIMD followed by low E — P (more rainfall)
in the extratropics (Figure 8m-o). In contrast, a less pro-
nounced eastward propagation is also apparent in the Sub-
tropics (Figure 8g-i). In the Tropics, the same synoptic
pattern persists 1 day before the event, the day of the event,
and 1 day after the event (Figure 8a-c).

The raw composite of MSLP in the extratropics shows
a low-pressure trough across southeast Australia with a
low-pressure system on the day of the event (Figure 8n),
a typical synoptic pattern of an extratropical cyclone. The
synoptic patterns for the Subtropics show a trough asso-
ciated with a low-pressure system southwest of the sub-
tropical box (Figure 8h). In both cases, the maximum of
negative VIMD and E —P is in the warm sector of the
trough. In the Tropics, heavy rainfall events seem to be
associated with the tropical low-pressure system or tropi-
cal cyclones with a low-pressure system over the tropical
box (Figure 8b).

The low-frequency composites show considerable dif-
ferences in the extratropics (Figure 8p-r) and Subtrop-
ics (Figure 8j-1), whereas in the Tropics (Figure 8d-f)
a slightly weaker version of a similar synoptic pattern
persists. The MSLP pattern is very similar for all three
regions for the filtered data and represents the mean
background state. The comparable patterns with consid-
erable magnitude in the Tropics between raw and fil-
tered composites reflect the importance of a slowly vary-
ing background state, unlike the extratropics and Sub-
tropics, where both the pattern and magnitudes differ
significantly.

24 |
years

The moisture budget in wet and dry

We apply the moisture budget approach to understand
how the E — P-VIMD relationship changes between wet
and dry years for the two extended seasons used here. We
chose the five wettest and driest summers and winters in
our dataset based on seasonal E — P anomalies averaged

over the relevant region. The association between E — P
and VIMD in wet years is stronger in both summer and
winter in all three regions. The correlation coefficients of
0.58 (0.45), 0.63 (0.44), and 0.64 (0.47) are observed in
wet (dry) years for summer in the extratropics, Subtropics,
and Tropics respectively. The respective correlation coeffi-
cients for winter in the extratropics and Subtropics are 0.66
(0.46) and 0.64 (0.39). These correlation coefficients are
computed from three-hourly time series. To better under-
stand these relationships, we construct a two-dimensional
frequency distribution of E — P and VIMD (Figure 9). Note
that correlation coefficients and the two-dimensional fre-
quency distribution are computed after adjusting the lag
relationship between E — P and VIMD by shifting the time
series.

The two budget terms are better related in the Tropics,
with a relatively smaller spread of the frequency distribu-
tion and a more obvious linear relationship (Figure 9a).
The frequency distribution is wider and somewhat non-
linear in the extratropics and Subtropics (Figure 9b,c). In
the extratropics and Subtropics, a considerable fraction
of positive E — P (more evaporation) events is associated
with strong moisture flux divergence. This feature is less
apparent in the Tropics, consistent with a weak correlation
between E — P and moisture flux. The shape of the fre-
quency distribution for the extratropics and Subtropics in
winter is similar to that in summer (Figure 9g,h). However,
the width of the distribution is reduced, consistent with a
better correlation between E — P and VIMD, as discussed
earlier.

The difference in frequency distribution between wet
and dry years (wet minus dry), by definition, shows an
overall increase in negative E — P (more rainfall) events
that are linked to enhanced moisture flux convergence in
all three regions (Figure 9d-f). However, there is also an
increase in the frequency of strong positive E — P (more
evaporation) events, corresponding to moisture flux diver-
gence in the extratropics and partly in the Subtropics.
These features are also present in winter in both regions
(Figure 9i,j). The frequency distribution of E — P and lower
tropospheric wind divergence shows a similar pattern, sug-
gesting that both wind convergence and divergence are
enhanced during wet years in the extratropics and Sub-
tropics (Supporting Information Figure S2).

The difference in frequency distribution between wet
and dry years in the Tropics shows an overall increase in
negative E — P (more rainfall) associated with increased
moisture flux convergence and a decrease in positive E — P
(less evaporation) associated with reduced moisture flux
divergence. These changes are attributed to increased
column-integrated specific humidity and an increased fre-
quency of lower tropospheric wind convergence during
the wet season (Supporting Information Figure S2).
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3 | SUMMARY

We investigate the rainfall variability in three regions
across Australia based on the atmospheric moisture

budget using the three-hourly ERA5 and ERA5-Land
datasets from 1979 to 2022. Climatologically, the
moisture budget virtually closes for most of Aus-
tralia except in regions with complex topography,
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between wet and dry years (wet minus dry; d-f,1,j) is represented by a nonlinear scale. The values represented are the frequency of

three-hourly events in each bin.

such as the mountainous southeast and southwest
Australia.

On three-hourly time-scales, the variability of the
VIMD is twice that of E — P, due to the large sub-daily vari-
ability of the VIMD. This difference is even larger along the
northern and eastern coastlines because of the larger wind
and moisture variability associated with land—ocean inter-
action. On these short weather time-scales, the residual

term of the moisture budget is smaller in winter in the
extratropics and in summer in the Subtropics and Trop-
ics. The moisture imbalance is dominated by the variability
in VIMD in the extratropics. This suggests that mois-
ture availability is largely determined by the import and
export of moisture. In contrast, E — P and the covariance
between E — P and VIMD contribute equally to the mois-
ture imbalance in the Tropics and Subtropics, highlighting

85UB017 SUOWWOD BAIERID 3(dedt|dde ay) Aq peussnob ke sapoiie YO ‘9sh Jose|n. 1o} Akeld1aul|uQ A8|IA UO (SUOIPUOD-PUE-SWB)LOO" A 1M AteIq 1 pUl|uo//:Sthiy) SUOTIPUOD PUe SWis | 8U18eS *[5202/20/52] Lo Ariq) auluo 8|1 ‘e'npeyseuow® auel-<yie|oqqius> Ad 8./t [b/Z00T 0T/I0p/wW00 A8 | i Ale.d 1 pul U0 'SIBLUL/ Sty o1 pepeo|umod ‘€9. ‘1202 ‘XOL8LLYT



Quarterly Journal of the ERMets

Royal Meteorological Society

I Summer [0 Winter

0 T T T
Subtropics

Extratropics

PARIYAR ET AL.
(a) (b)
100 4,000
~ 8 - £
X @ 3,000 — 1
2 ks
£
£ %07 S
2 T 2000 -
[0} c
2 40 3
] c
© 8
14 o 1,000 —
20 — E
T 3
0 T T T
Tropics Subtropics Extratropics Tropics
FIGURE 10

Box plot of three-hourly (a) relative humidity (%) and (b) lifting condensation level (m) in summer (red) and winter
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range of the 25th and the 75th percentiles. Green dots denote values outside the 1.5 interquartile range.

the relative role of evaporation and moisture import/ex-
port and their interactions in these regions.

The time-scale that differentiates weather and climate
in Australia is roughly 20 days. Weather systems dominate
the total E — P variability in the extratropics/Subtropics.
In contrast, both weather and climate-induced variability
are important in the Tropics. On the weather time-scale,
cyclones/fronts and thunderstorms are the main weather
systems for wet conditions in the Subtropics and extrat-
ropics. These weather features are also associated with dry
conditions, but the occurrence of high-pressure systems
is equally important, especially in the extratropics. In the
Tropics, cyclonic PV anomalies dominate E — P variabil-
ity on weather time-scales. These cyclonic PV anomalies
represent tropical disturbances (monsoon lows) or tropi-
cal cyclones, which are the key synoptic weather patterns
in this region (King et al., 2014).

The climate (variability greater than 20 days) includes
monthly or seasonal mean and its variability from intrasea-
sonal to interannual and longer time-scales. In Aus-
tralia, the relevant climate modes are the Madden-Julian
Oscillation, southern annular mode, El Nifio-Southern
Oscillation, Indian Ocean dipole, and the interdecadal
Pacific oscillation. Acting on different time-scales, these
climate modes modulate the background state of evap-
oration or precipitation by changing the atmospheric
temperature, large-scale circulation, and moisture avail-
ability (Borowiak et al., 2023; Dao et al., 2023; Ghelani
et al., 2017; Heidemann et al., 2023; Liguori ef al., 2022;
McKay et al., 2023; Tozer et al., 2023). Presumably, these
changes in the background state change the intensity
and frequency of the weather systems, which ultimately
produce precipitation. A comprehensive assessment of
how these different climate drivers impact the rainfall

variability in these three regions is therefore essential and
needs further study.

The E — P-VIMD relationship in the Tropics is dis-
tinct from the remaining two regions. In the Tropics,
the E — P-VIMD relationship is stronger and the lags are
shorter, whereas in the extratropics and Subtropics the
VIMD leads E—P by 9-15hr. The summertime back-
ground atmospheric state is quite moist, with higher rela-
tive humidity in the Tropics (Figure 10a). Therefore, the air
within the box saturates quickly and condenses into rain-
fall. This is confirmed by the lower lifting condensation
level in the Tropics (Figure 10b). However, in the Sub-
tropics and extratropics, the rainfall variability is largely
driven by large-scale weather systems, especially midlat-
itude cyclones and fronts. These weather systems typi-
cally propagate from west to east in southern Australia
(Figure 8), which could explain such a lag relationship.
The seasonal differences in lag between VIMD and E — P,
particularly in the extratropics, are due to the different
background atmospheric states. The relative humidity is
much lower in summer than in winter (Figure 10a), so it
takes more time for the air to be saturated within the box
and that is why the lag is slightly longer with a relatively
weaker correlation in summer. The opposite is true in the
Subtropics.

The importance of weather systems in the extratrop-
ics and Subtropics is also reflected in the typical time-scale
of rainfall events. Typical rainfall events in the extratrop-
ics and Subtropics show a time-scale of 2-4 days, consis-
tent with the typical time-scales for weather systems. In
contrast, light to moderate rain lasts for over 16 days in
the Tropics, with a short episode of heavy rainfall. This
is a manifestation of superimposed tropical cyclones or
low-pressure systems onto the mean background state, a
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combined effect of a slow-evolving mean background state
and high-frequency weather systems.

The relationship between E — P and VIMD is stronger
during wet years in all three regions, with increased fre-
quency of rainfall that is linked to more frequent moisture
flux convergence. However, in the extratropics and Sub-
tropics there is also an increase in the frequency of positive
E — P events that are associated with increased moisture
flux divergence. Such an increase in moisture flux conver-
gence and divergence during wet years is perhaps linked
to the enhancement of midlatitude weather systems with
regions of ascent (convergence) and subsidence (diver-
gence). However, these are just speculations at this stage,
and further study is needed to test this hypothesis.

This study contributes to understanding rainfall vari-
ability from a different perspective, where we connect
weather and climate based on the atmospheric moisture
budget. Our findings on the weather climate time-scale,
quantification of weather- and climate-related E — P vari-
ability, and the dynamical relationship between E — P and
VIMD in different seasons or wet and dry years provide
new insights on rainfall variability that are not only rele-
vant for fundamental understanding but also in assessing
rainfall response to future climate change in Australia.
The next step in assessing the potential future of rainfall
variability is to understand whether current climate mod-
els can capture the key observed features of the moisture
budget and the dynamic relationship between E — P and
VIMD in the different regions. Once some confidence in
the model’s performance is established, future changes
in the moisture budget can be examined to understand
potential changes in the weather—climate connection and
their consequences.
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