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Abstract The Australian monsoon's wet season is associated with sequences of wet and dry conditions
known as bursts and breaks, which usually have timescales of a week or two. There are several hypotheses

for the physical processes involved in monsoon bursts, ranging from the effects of the Madden-Julian
Oscillation to extratropical influences. We analyze rainfall bursts in Northern Australia using a moist static
energy (MSE) budget framework. We separate the bursts into three types and further separate them into
pre-monsoon, active monsoon, and post-monsoon. We then apply ERAS data to calculate the MSE budget for
each burst and construct composite bursts for each of the three types. We find that the horizontal advection

of MSE over the tropical northern Australian convergence zone is the most critical term in the budget for the
day-to-day precipitation variation. MSE-related gross moist stability analysis reveals that each type has distinct
characteristics. The burst type associated with active monsoon bursts displays convective growth and decay
patterns both before and after the precipitation peak, which is typical of oceanic convection. A low-rainfall burst
type, which is often seen before monsoon onset, is linked to coastal convection and has minimal rainfall decay
after the burst. Finally, a sustained high-rainfall burst type, mostly observed at the end or after the monsoon
retreat, has growth characteristics similar to the typical monsoon burst but does not decay, maintaining very
high rainfall for at least a week due to a rearrangement of the circulation and local thermodynamic structure of
the atmosphere.

Plain Language Summary The Australian Summer Monsoon (ASM) is associated with sequences
of wet and dry conditions known as bursts and breaks during the extended summer months (October—April).
Although understanding of these phenomena has progressed, there are still gaps in both our knowledge of the
processes that produce bursts and our ability to predict their evolution. Energy budgets are evaluated in this
study to gain insight into the key mechanisms involved in burst evolution. It is found that energy export/import
via large-scale circulation is critical in determining the evolution of monsoon bursts. Furthermore, the research
identifies various types of bursts, each with its own set of key mechanisms. These findings provide important
insights into the dynamics of the ASM bursts and may help improve predictions of future bursts and breaks,
allowing for better management of the region's agricultural and ecological systems.

1. Introduction

The Australian summer monsoon (ASM), which is a component of the Asia-Australia monsoon system, is
responsible for a large portion of the precipitation in northern Australia during the extended summer months
(November—April) (Krishnamurti & Chang, 1987; Nicholls et al., 1981; Wang, 2006). The arrival of the ASM
is marked by a seasonal transition from dry south-easterly trade winds to moist north-westerlies over Northern
Australia. This transition is associated with the global seasonal migration of the intertropical convergence zone,
and it coincides with a transition between the equinoctial and solstitial Hadley Circulations (Gadgil, 2018).

The ASM is associated with sequences of wet and dry conditions known as bursts and breaks, which usually have
timescales of a week or two (Drosdowsky, 1996; Moise et al., 2020; Pope et al., 2009). Bursts have a large impact
on the natural environment, as well as regional effects on agriculture, infrastructure, and human settlements.
Understanding their dynamics and consequences can help with regional planning and adaptation efforts (Adeloye
& Rustum, 2011). Monsoon bursts can also produce extreme precipitation, thereby having implications for water
management and flood prediction (Frei et al., 2000). The importance of bursts and breaks in the evolution of the
ASM has been known at least since Troup (1961). Previous studies have associated intraseasonal variability in
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the monsoon to the Madden Julian Oscillation (Hendon & Liebmann, 1990), as well as, on shorter timescales,
upper-level ridges and troughs originating in the subtropics (Keenan & Brody, 1988).

More recently, studies investigating the dynamics of ASM bursts have linked them to mid-latitude processes.
For example, Berry and Reeder (2016) found that bursts were often initiated by the propagation of fronts across
the continent, which themselves are linked to mid-latitude Rossby waves (see also Berry et al. (2012)). Narsey
et al. (2017) used an analysis of the circulation budget over Northern Australia to corroborate and extend these
results; they showed that bursts were associated with a rapid increase in cyclonic circulation, which could be
triggered by approaching mid-latitude front-like features. They highlighted the influence of the mid-latitudes as a
source of vorticity for burst circulations. Here, we take a complementary perspective, and we consider the sources
of moisture and energy for bursts in the ASM.

A natural starting point in examining energy and moisture sources in the atmosphere is the column-integrated
budgets of moisture ¢ and dry static energy (DSE), s. However, in strongly precipitating regions, these budgets are
dominated by large opposing terms corresponding to the heating and drying by moist convection on the one hand,
and vertical advection by the circulation on the other hand. This makes analyzing causal mechanisms difficult
since there is a close coupling between convective heating and vertical motion in the tropics.

An alternate approach is to analyze the column-integrated budget of the moist static energy (MSE), given by
h=s+ Ly, (D

where L , s, and q are the latent heat of vaporization, DSE, and specific humidity respectively. The MSE budget is
used extensively in studying tropical dynamics (Chou et al., 2009; Neelin & Held, 1987), and as recently demon-
strated by Inoue and Back (2017), it provides a framework for understanding the growth and decay of convective
rainfall from an energy-based perspective.

The utility of the MSE budget arises as a result of three important properties of its budget. Firstly, MSE is approx-
imately conserved under adiabatic displacement including condensation, and its column integral is therefore
approximately unchanged under the effects of convection. Since MSE is equal to the sum of DSE and latent energy,
convective heating effectively cancels with convective drying in the MSE budget, and changes in column-integrated
MSE are instead related to the net energy input to the column by radiative and turbulent fluxes and transport of
MSE by the circulation (Neelin & Held, 1987). A second important characteristic of the MSE budget is that, as
a result of the weak horizontal temperature gradients that exist in the tropical atmosphere, temporal variations in
MSE are almost entirely associated with moisture variations; variations in column-integrated MSE may there-
fore be interpreted as variations in column moisture content (Inoue & Back, 2017). Finally, it is well known that
precipitation in the tropics is a very strong function of column water vapor (Bretherton et al., 2004). As such, vari-
ations in MSE may be statistically associated with variations in precipitation, and the MSE budget provides a link
between energy input into the column and the growth and decay of precipitation anomalies (Inoue & Back, 2017).

Here, we apply the MSE budget to analyze the growth and decay of precipitation in bursts within the Australian
monsoon. We examine how the net energetic forcing (including radiative and turbulent fluxes), and horizontal
and vertical advection of MSE combine to govern the evolution of moisture and precipitation in the lead-up to
and during monsoon bursts. Sekizawa et al. (2023) recently used a similar approach to show that an anomalous
supply of MSE through horizontal advection plays an important role in maintaining interannual variability of the
ASM. They find that anomalous westerlies to the northeast of the continent provide a source of MSE that sustains
precipitation anomalies for up to a season. Here, we focus on the shorter, “synoptic,” timescales of bursts, but we
nonetheless find that horizontal advection plays a major role in governing their growth and decay, consistent with
the results of Sekizawa et al. (2023).

A key diagnostic of the MSE budget is the gross moist stability (GMS). The GMS was introduced by Neelin and
Held (1987) as a measure of the MSE stratification in a two-layer representation of the climatological circulation
in the tropics. Raymond and Fuchs (2007) extended this concept by introducing the term normalized gross moist
stability (NGMS), whose primary purpose is to represent the net export efficiency of some quantity conserved in
a moist adiabatic process per unit of convection. In this study, we have taken the MSE as the conserved quantity
and the net export of DSE as the unit of convection.

The NGMS is used for a variety of applications, one of which is to diagnose destabilization/stabilization mech-
anisms in ascending circulations (Benedict et al., 2014; Hannah & Maloney, 2011; Inoue & Back, 2015, 2017).
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Large-scale ascent may destabilize the tropical atmosphere (negative GMS) if it is associated with a bottom-heavy
ascent profile, with convergence in the MSE-rich boundary layer and divergence in the MSE-poor mid-troposphere.
Stabilization of the atmosphere (positive GMS), on the other hand, is associated with a top-heavy ascent profile
with MSE-poor lower tropospheric convergence and MSE-rich upper-tropospheric divergence.

On timescales relevant to bursts, the GMS can vary temporally and becomes difficult to define, but Inoue and
Back (2015) have extended the destabilization/stabilization concept into shorter time scales by considering a
phase space of dry-static energy divergence on one axis and moist-static energy divergence on the other which
they refer to as the GMS plane. In this phase space, amplification and decay of precipitation anomalies are deter-
mined by whether the GMS on a given day is above or below a “critical” GMS that varies on slower timescales.
The authors go on to show that oceanic precipitation variability is characterized by a life cycle in the GMS plane
(Inoue & Back, 2017), and that horizontal advection of MSE is a key process driving ubiquitous precipitation
variability over the oceans (Inoue et al., 2021).

We use the above GMS-plane concept in this study to investigate the mechanisms of amplification and decay of
bursts in the ASM. Consistent with previous work over the ocean (Inoue et al., 2021) and in the ASM on seasonal
timescales (Sekizawa et al., 2023), we find horizontal MSE advection to be the major control on the evolution
of bursts. However, some bursts can have a substantially different life cycle in the phase space compared to
precipitation variability over the ocean, and this leads us to a novel categorization of ASM bursts based on their
path through the GMS plane. Our results provide a new perspective on bursts focused on the moisture and energy
budgets that is complementary to previous studies that have highlighted the dynamics of vorticity.

The paper is structured as follows. In Section 2 we present our methodology and data set selection, followed by
the results in Section 3. The findings are divided into three sub-sections: Section 3.1 discusses the Monsoon Burst
Composite Characteristics, Section 3.2 presents the composite monsoon burst's MSE Budget, and Section 3.3
discusses a novel monsoon burst classification in the GMS-plane. Section 4 provides a summary and our main
conclusions.

2. Data and Methodology

As the goal of this study is to combine the rainfall evolution of Australian monsoon bursts with the evolution
of MSE and its budget, we use rainfall, radiative fluxes, and turbulent surface fluxes as well as upper-level data
obtained from the European Center for Medium-Range Weather Forecasts fifth generation reanalysis (ERAS)
with a horizontal grid spacing of 0.25° x 0.25° and with 37 vertical pressure levels.

We calculate all budget terms hourly and then average them daily. We note that the ERAS rainfall and flux data
are a model output rather than an observation, but we prefer to use them to achieve a better budget closure. Using
alternative data sources for rainfall, such as the Global Precipitation Climatology Project (GPCP) data set (Adler
et al., 2022), does result in small quantitative differences, but does not affect the overall main conclusions of this
study. We have also repeated all analyses using the NASA MERRA-2 reanalysis (Gelaro et al., 2017). Once again
we find that while some quantitative differences exist between the different reanalysis, our main conclusions
remain unaffected. All analyses are performed for a box centered on the ASM region ranging from 11°S to 18°S
and 125°E to 145°E (see Figure 2a) for the years 1997-2020. Using this subset of the ERAS5 data constitutes a
compromise in creating a large enough sample of bursts whilst balancing the significant computational costs of
the MSE budget analysis, whilst also ensuring the best observational coverage in the ERAS period.

The first step in our analysis is the definition of monsoon bursts from the daily rainfall time series. Here we follow
the methodology of Berry and Reeder (2016) and Narsey et al. (2017) to define the bursts, which is illustrated in
Figure 1. First, we calculate a daily time series by averaging the rainfall over northern Australia for the extended
summer months (October—April) from 1997 to 2020. We then define a smoothed seasonal climatology by taking
the mean over all years and applying a low pass filter (Fourier transform retaining the first six harmonics; blue
dashed line on Figure 1). We also construct a smoothed standard deviation by applying the same low-pass filter
to the seasonal climatological standard deviation.

The smoothed seasonal climatological mean, plus and minus half a smoothed standard deviation, defines the
limits of high and low rainfall (red and green lines on Figure 1). We then overlay an individual monsoon season's
rainfall time series with the smoothed mean and standard deviations (Figure 1b). A burst is defined as a rise in
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Figure 1. (a) Climatological seasonal cycle of precipitation over the Northern Australia region (blue solid), smoothed
climatology (blue-dashed), and smoothed climatology plus (green) and minus (red) 0.5 smoothed standard deviations
defining the high and low precipitation limits. (b) As in (a) but with precipitation for 2003—2004 instead of the climatological
mean. Days of burst initiation are marked on (b) with vertical dashed lines.

daily precipitation from below the low precipitation limit to above the high precipitation limit over a period of no
more than 7 days. A burst lasts until the rainfall falls below the lower precipitation limit again. The seven bursts
identified by this method for the example year shown in Figure 1b are highlighted by vertical lines. Using this
method we identify a total of 125 bursts.

As our goal is to link the evolution of the rainfall bursts with the MSE budget, we calculate all budget terms for

a 15-day period ranging from 7 days before to 7 days after the start day of each burst. While in principle, a single

day can contribute to more than one burst, we find only two overlapping bursts with a maximum of 2 days overlap

between them.
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Figure 2. (a) Composite precipitation for “day 0" of monsoon bursts (b)
Composite precipitation temporal evolution for all bursts averaged over box
shown in (a).

The column-integrated Moist Static Energy; MSE (Hill et al., 2017, 2018;
Neelin & Held, 1987) budget equation for a single location can be expressed
approximately as follows:

%+V~{hﬁh}=LuE+H+R,+RX, )
where MSE is defined as h = ¢,T + gz + L g. ¢, is the specific heat capacity
at constant pressure, 7 is the temperature, g is the gravitational acceleration,
z is height and ¢ is specific humidity respectively. L E, H, R, and R, are
latent heat flux (LHF), sensible heat flux (SHF), and net radiation at the top
of the atmosphere and the surface respectively. The curly brackets denote
the column mass integral defined {-} = Op *(-)dp/g, where p_is the surface
pressure.

We calculate the divergence term by applying the divergence theorem to inte-
grate the fluxes along the boundary of our analysis area. In doing so we
apply a correction to the boundary velocities to ensure mass conservation
(see Appendix A for more detail). We find that the mass constraint improves
the closure of the MSE budget.

An important quantity in our analysis is the gross moist stability (GMS), as
it provides a measure to connect circulation and convection. We adopt the
definition of GMS by Raymond et al. (2009), as

vogmny  {eR) e “

GMS = ~
Vo {strt V- lstn) V- {sin)
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As before, V - { h}, } is the net divergence of MSE, while V - { 50, } denotes the net divergence of dry static energy
(DSE), which is defined as s = ¢,I" + gz. Further, w is the vertical pressure velocity. In Equation 3 we decom-
pose the overall divergence of MSE into its vertical advection ({wdph}) and horizontal advection ({D;, . Vh})
components. Inoue and Back (2015) have shown that convectively active days are characterized by a positive DSE
flux divergence, thatis V - {sﬁh} >0.

Inoue and Back (2015) introduce another useful GMS-related quantity, called the Drying Efficiency (DEF),
which can be used to identify growth and decay phases in convection. The DEF can be computed by calculating
GMS (7) and a critical GMS (z,) and taking their difference. The critical GMS is defined as:

.= L,E+ H + R, + R, _ NEF
‘ V- {son} V- {sin} @

where NEF denotes the net energetic forcing on the analysis area. This leads to the definition of the DEF as:

V-{hGy} - NEF
DEF=1-7.= ———————— Q)
V. {Sljh}

Neglecting the column DSE tendency (d,{s}) by making use of the commonly applied weak temperature gradient
(WTG) assumption (Sobel et al., 2001) which assumes that the temporal as well as spatial variations of tempera-
ture are much smaller than the variations in moisture we can apply Equation 2 to yield approximately:

_a{ Luq}/at

DEF ~ ,
V. {Sljh}

(6)

According to Equations 5 and 6, for a convectively active day (V . {sﬁh} > O) we find that for 7 — 7, > 0 water
vapor in the column will decrease (0{L g} < 0) indicating a decaying phase of convection. Equally, for 7 — 7, < 0
we find (0{L g} > 0), indicating a moistening of the column and an associated increase in rainfall.

Below, we apply the MSE-budget analysis to all ASM bursts identified in the ERAS record. However, we also
recognize that the characteristics of the bursts may vary significantly from burst to burst and throughout differ-
ent stages of the monsoon season. We investigate this in two ways. First, we perform a cluster analysis on the
bursts, using the temporal evolution of the numerator and denominator of the GMS definition as inputs to the
clustering algorithm (Equation 3, see Section 3.3 for more details). We use the k-means clustering algorithm
(Lloyd, 1982), which is widely used in pattern recognition (Baraldi & Blonda, 1999) and clustering (Gentleman
& Carey, 2008) based on a centroid method. The k-means cluster divides a set of “N” samples into K distinct
clusters by locating the K cluster centers (or centroids) in such a way that the sample assigned to a centroid
is closer to it than to any other. Specifically, we apply the Python (sklearn) package using the k-means option
to calculate our clusters.

To address the potential variation of bursts through the different stages of the ASM, we classify each burst
as pre-monsoon, monsoon, or post-monsoon. This classification is accomplished by specifying simple onset
and retreat criteria. We note that there are many different definitions of monsoon onset and retreat for the
ASM, many of which use local criteria at individual stations (Davidson et al., 2007; Evans et al., 2012, 2014;
Kajikawa et al., 2010; Troup, 1961). As our analysis area is quite large, we apply a simple yet effective defini-
tion for the whole area. Monsoon onset occurs when the north-westerly trade winds persist over the northern
boundary of our study region for at least 2 days, and the area-averaged precipitation minus evaporation is
greater than zero for the first time in the ASM season (ONDJFMA). The retreat is defined as the first time after
onset in the season when the region's average precipitation minus evaporation is less than zero with the pres-
ence of south-easterly trade winds for at least 2 days. We note that from hereon the term monsoon burst refers
to all bursts during the overall wet season, including pre-, post- and active monsoon bursts. This expanded
perspective is crucial because these bursts make substantial contributions to the total precipitation during their
respective seasons.
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Figure 3. Scatter plot of precipitable water versus precipitation for all bursts (gray dots), overlain with the burst composite
from 7 days before to 7 days after the burst.

3. Results

3.1. Monsoon Burst Composite Characteristics

We begin our analysis by investigating some basic characteristics of the monsoon bursts (see Section 2 for their
definition) by averaging over all bursts to form a composite burst. Figure 2a shows the spatial pattern of precipi-
tation on “day 0” (the day when the precipitation has crossed the higher precipitation limit) of the composite burst
over the northern Australian region including our analysis area denoted by the rectangular box. It is evident that
the ocean receives more precipitation compared to land, although the Northern Territory and northern Queens-
land are also significantly affected by the precipitation burst. The time-evolution of the area-averaged precipita-
tion for the composite of bursts is shown in Figure 2b. Precipitation is nearly constant or has a slightly decreasing
trend from seven to 3 days before the burst. It then begins to increase up to “Day 0,” where it shows a slightly
increasing trend until 2 days later when it begins to decrease.

Before linking the temporal evolution of burst rainfall with the MSE budget and GMS, we compare the burst
composite precipitation amount with the precipitable water in the atmosphere. It is well-known from several
previous studies (Bretherton et al., 2004; Holloway & Neelin, 2009), that there is an exponential relationship
between these two variables in the tropics. We find that such a relationship holds for all burst days (Figure 3),
albeit with significant scatter around the best fit line. An exponential relationship also holds across the time
evolution of the composite burst (Figure 3). The composite relationship consistently lies above the best fit line for
all burst days. This is the result of notable rainfall amount variability across bursts and will be explored further
in Section 3.3. In the composite Days —7 to —3 are characterized by low precipitation accompanied by low
precipitable water. The increase in precipitation from days —2 to +1 is accompanied by an increase in precipitable
water followed by a decrease in both. We will exploit the relationship between the change in precipitation and the
change in water vapor (9P  0,{L,q}) in the MSE budget analysis below.

3.2. The MSE Budget of the Composite Monsoon Burst
3.2.1. Time Evolution of the MSE Budget

To investigate different influences on precipitation evolution during rainfall bursts, we calculate the MSE budget
for each burst.

In addition to the complete MSE budget, we also apply the tropical WTG approximation (d,{s} ~ 0), which allows
us to rewrite Equation 2 as:

9{Lq}
ot

~ -V -{hiy} + L,E+ H + R + R, @)

Each term of Equation 2 is computed for each burst and averaged to form the burst composite as before. Figure 4
shows the composite time evolution of all budget terms along with that of the vertically integrated specific humid-
ity (d,{Lg}). Figure 4b shows the decomposition of the NEF into its individual components of the latent heat flux
(LHF, dashed olive), sensible heat flux (SHF, dotted dashed olive) and net radiative heating of the atmosphere
(dotted dashed black). We also show the difference of the left- and right-hand side of Equation 2 (purple dashed
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Figure 4. (a) Components of moist static energy budget in the burst composite (b) Detailed decomposition of net energetic forcing with latent heat flux, sensible heat

flux, and net radiative heating.

line) showing a good closure of the budget in the burst composite throughout the burst evolution. We note that the
mass-correction to the wind fields applied in our analysis significantly improved this closure (not shown). It is
evident that the time evolution of the rate of change of MSE (solid blue line in Figure 4a) is nearly identical to that
of vertically integrated humidity (dashed blue line), justifying the assumption made in Equation 7. Visually, it is
also evident that the time evolution of the storage terms is closely related to the convergence of MSE (dot-dashed
red line), while the NEF (solid red line) time evolution is different from that of those two terms. A quantitative
calculation using the relative weight analysis technique (Tonidandel & LeBreton, 2011) confirms this result with
the MSE convergence and NEF contributing 93% and 7%, respectively, to the overall temporal variation of the
MSE and moisture tendency. This signifies the dominance of the circulation over local thermodynamic processes
in the above temporal variation.

Seven days before the burst, the generation of MSE by local processes is roughly balanced by its divergence.
For the next 7 days the divergence of MSE steadily decreases with only small changes in the NEF, leading
to an accumulation of MSE, synonymous with an accumulation of moisture, in the analysis domain. As the
rainfall begins to increase at about Day-2, the positive MSE (moisture) tendency levels off and it becomes
negative at Day+1, the peak of the rainfall burst. Accompanying the rainfall increase is an increase in the NEF.
As is evident in Figure 4b, this is to first order the result of a decrease in the radiative cooling, likely owing to
increases in high-level clouds associated with the rainfall increases (Slingo & Slingo, 1988). A small increase
in the LHF and a decrease in the SHF after the main rainfall event can also be seen, consistent with a wetter
land surface.

3.2.2. Monsoon Burst GMS and Drying Efficiency Evolution

Having characterized the overall time evolution of the MSE budget for the composite monsoon burst, we now
analyze how it is related to the evolution of the GMS and its components. In particular, we apply the concepts of
the GMS plane and DEF developed by Inoue and Back (2015) to the monsoon burst evolution. As discussed in
Section 2 the net divergence of MSE and DSE averaged over the northern Australian box are used to define the GMS
(Equation 3). Both are calculated for each burst and averaged to describe the composite burst behavior as before.

Instead of calculating the ratio of these two quantities to yield GMS values we follow Inoue and Back (2015)
and show them in a 2D-plane (Figure 5a). Each colored dot represents a day within the composite burst life
cycle. The shaded ellipse around each dot represents the standard deviation of MSE and DSE divergence,
respectively. It is evident, that the composite bursts follow a nearly closed loop in this diagram. Days —7 to
—3 are characterized by relatively low values of DSE divergence (low convective activity). At the same time,
there is a steady decrease in the divergence of MSE (see also Figure 4). Day —2 and —1 are characterized by
a rapid increase in the divergence of DSE (convective activity) while the divergence of MSE remains low.
Day 0 and +1, the days of the largest rainfall rates in the burst composite show the largest DSE divergence
as expected with an increase in MSE divergence on Day+1. Days +2 to +7 show a steady reduction in both
DSE and MSE divergence, almost, but not entirely, returning the system to the state at the start of the bursts
at Day-7.
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Figure 5. (a) Scatter plot of moist static energy divergence against dry static energy divergence for the composite of all
bursts, with the NEF as the trend-line with slope. (b) Time evolution of key gross moist stability characteristics.

Inoue and Back (2015) and Inoue and Back (2017) suggest that the GMS plane can be applied to identify the life
cycle of tropical convection. They show that the evolution of the net energetic forcing in the MSE life cycle can
be linearly related to the DSE divergence as

NEF ~yV - {stn} + . ®)

We calculate the parameters of this relationship using the least-square fit of the NEF and DSE divergence and
show the resulting linear relationship in Figure 5a. By applying the concept of the DEF (Inoue & Back, 2017)
expressed in Equations 5 and 6, we can expect that points falling below the regression line indicate a growth
phase of convection, while points above this line are indicative of decaying convective activity. The growth phase
of the composite monsoon burst (Days —4 to 0) follows this expectation well. However, the decay phase of the
bursts does not meet the expectation of a “simple” convective life cycle, with the days after the rainfall maximum
all close to the regression line, rather than well above it. We will investigate this unexpected behavior further in
Section 3.3.

An alternative way of investigating the convective life cycle of the bursts is to evaluate the time evolution of the DEF
and its component terms (Equations 5 and 6). The numerators of the two equations ( V. {hﬁh } - (yV . {Sljh } +p ) )
and —d,{L g} are shown as solid and dot-dashed blue lines in Figure 5b. Once again we see the dominance of the
moisture evolution in the evolution of the MSE budget. Consistent with the above discussion, negative values of
the DEF indicate a growth phase of convection, while positive values are associated with a decay of convection
(Inoue & Back, 2017). As V - {sz')'h} is positive throughout the burst, the signs of the two blue lines in Figure 5b
are indicative of the life-cycle phase. As expected, we find a clear growth phase before the burst peak, with a
much weaker signal in the decay of the convection after the burst peak. Consistent with our MSE budget discus-
sion above, the temporal evolution of the DEF is closely related to the MSE divergence (red) with only a small
influence from the energetic forcing (black).

3.2.3. Horizontal and Vertical Components of MSE Divergence

Several previous studies (Inoue et al., 2021; Sekizawa et al., 2023) have suggested that the horizontal advec-
tion of MSE, and in particular that of moisture, play a key role in the evolution of convective systems in the
tropics. We investigate whether this holds for the ASM rainfall bursts by decomposing the MSE divergence
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Figure 6. (a) Decomposition of moist static energy (MSE) divergence into its vertical and horizontal advection components.
(b) Decomposition of the horizontal advection of MSE into its dry static energy and moisture components.

into contributions from horizontal and vertical advection making use of the continuity equation in pressure
coordinates:

V{-hOn} = {On- Vh} + {a)%} )

As the advection terms on the right hand side of Equation 9 cannot be calculated simply by their boundary values,
we cannot apply the mass budget corrections we used so far in calculating the full divergence terms. Hence, we
use the uncorrected winds to calculate the two advection terms. Once again, the decomposition is applied to
all bursts individually and averaged to produce the composite shown in Figure 6a. MSE divergence, as well as
horizontal and vertical advection, are indicated by thick blue lines, dashed olive lines, and red lines, respectively.
We note that as expected, the net divergence obtained by adding the two advection terms (blue line) differs
in magnitude from that obtained using the mass-corrected boundary velocities (dashed red line in Figure 5b).
However, the temporal evolution throughout the burst is nearly identical. As it is this evolution we are aiming to
understand, the use of the uncorrected values when decomposing divergence terms into advection components
is therefore justified.

It is evident that the horizontal advection of MSE closely follows the time evolution of the total divergence of
MSE whereas the vertical advection is close to zero throughout with a small peak around Days O and 1. The
reason for the small contribution from vertical advection is that its moisture ({wd,Lq}) and DSE contributions
({wd,s}) are of near equal magnitude and opposite sign, implying a small value of GMS (not shown). This
is not true for the horizontal components (Figure 6b). Here, MSE, DSE, and moisture horizontal advection
are denoted by thick olive, dashed red, and dashed blue lines, respectively. We find that the horizontal DSE
advection makes a near-constant in time contribution to the horizontal MSE advection, which is dominated
by the temperature term in the DSE (not shown). This indicates that horizontal temperature gradients do in
fact exist and make a constant (in time) contribution to the budget. Nevertheless, as was shown in Figure 4,
the time derivative of DSE for the region is close to zero, indicating a balance between horizontal and verti-
cal advection of DSE and the local forcing terms. In contrast to the time-invariant horizontal advection of
DSE, the time evolution of the horizontal advection of moisture in the burst composite closely follows that
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of the horizontal advection of MSE, highlighting its dominant role in shaping this evolution. Noting the sign
convention, moisture is advected into the box a few days before the burst onset and out of the box in the
active phase of the burst. This is consistent with both the evolution of the rainfall and box-average humidity
discussed above.

3.3. Monsoon Burst Classification in the GMS-Plane

The above analysis of monsoon bursts has shown that the temporal evolution of the composite burst MSE budget
closely resembles that of convective events observed over the tropical oceans found in earlier studies (McBride
& Frank, 1999; Pope et al., 2008). However, Figure 5a also indicates that there is a very large variation between
individual bursts as expressed by very large standard deviations in the GMS plane analysis. This implies that the
different characteristics of the individual bursts may be compensated for each other in the composite, resulting
in the loss of differences in the processes associated with potentially different types of bursts. We investigate the
existence of different classes of bursts by applying a cluster analysis to the two quantities spanning the GMS plane
(V- {htn}and V - {50, }). The two variables for each day for each burst form the (30-element) input vectors to a
k-means cluster analysis (detailed in Section 2).

After some experimentation and using a mixture of subjective and objective criteria suggested by Rossow
et al. (2005), we find that three clusters (named C1, C2, and C3) best separate the different types of rainfall bursts.
Using fewer clusters misses important differences, while additional clusters only provide a very small further
separation of the three key types of bursts described below.

Figure 7 summarizes the main results of the cluster analysis by presenting the rainfall evolution (Figure 7a—7c),
the evolution of the bursts on the GMS plane (Figure 7d—7f) and the components of the DEF as well as the evolu-
tion of the horizontal moisture advection (Figure 7g—71).

The rainfall evolution of the bursts clearly distinguishes the three clusters. C1, which contains 31% of all bursts,
most closely resembles the overall composite (compare Figure 7a with Figure 2b), with the important difference
that the rainfall returns to the pre-burst values, while it remains above them in the overall composites. This differ-
ence results from the rainfall evolution in C2 (37% of all bursts) and C3 (32% of all bursts). In both cases, rainfall
remains steady after the onset of the burst, with C2 showing very low rainfall values, while C3 is characterized
by maintaining high rainfall all the way from Day 0 to Day+7.

The three clusters are also distinct in when the bursts they represent occur during the monsoon season. While
all types can occur in all parts of the season, C1 is most common during the active monsoon (61% of its cases).
In contrast, almost all of the cases in C2 occur during the pre-monsoon or post-monsoon seasons when the
south-easterly trade winds dominate. In general, C2 is characterized by weak precipitation bursts that occur
outside of the monsoon season. When we calculate C2's contribution to total precipitation accumulated across
all clusters, we see that it only accounts for 11.5%. We included C2 bursts in this study because they are still
important as a water source and contribute significant precipitation during the low rainfall seasons during ASM.
C3 bursts occur mostly during the monsoon and post-monsoon (late February-early March).

Figure 7d-7f show the evolution of the three burst types in the GMS plane. C1 closely resembles the life-cycle
of convection identified by earlier studies for convection over the tropical oceans (Inoue & Back, 2017; Inoue
et al., 2021). The pre-burst days can be found in the area indicating the growth of convection (below the line
defined by the NEF). The days following the maximum of rainfall on Day+1, can be found in the convec-
tive decay region (above the NEF line). Furthermore, Day+7 is found close to Day-7 indicating a return of the
monsoon region to its state at the start of the burst.

In contrast, in C2 the majority of days before Day 0 show negative values of DSE divergence (V - {5, } < 0),
which indicate convectively inactive periods (Inoue & Back, 2015). Only Day-1 and Day O fall into the convective
growth region of the diagram with the days following the burst showing little sign of convective decay. These
findings are consistent with the occurrence of C2 bursts predominantly during the pre-and post-monsoon periods
respectively.

The growth of convection in the bursts in C3 closely resembles that of C1 and the overall burst composite.
However, as expected from the rainfall evolution for this burst type, there is no convective decay phase after the
burst onset. Instead, Days +1 to 47 remain near but below the NEF line, consistent with continuing high rainfall
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Figure 7. Composite behavior of the three rainfall burst types (see text): Temporal evolution of precipitation (a)-(c), GMS-plane composites (d)—(f), the temporal
evolution of the drying efficiency components (g)—(i), the temporal evolution of the net energetic forcing (j)—(1), the temporal evolution of the components of the moist
static energy divergence (mass-uncorrected) (m)—(0).

values throughout that period. Extending the analysis of the bursts beyond Day+7 shows that the burst decay does
occur, but only from Day+8 onward (not shown).

Figures 7g—7i shows the time evolution of the key components of the DEF together with the horizontal moisture
advection for the three clusters. As Day —7 to Day —4 are convectively inactive in C2 we only considered the
days following Day —3. The bursts of C1 show an amplifying phase of convection (DEF less than 0) from Day —5
to Day 0. This is accompanied by a reduction in the export of MSE (red line) associated with a reduction in the
drying by moisture advection. This allows a net accumulation of MSE and moisture through local thermodynamic
processes creating the conditions for the burst to occur. From about Day +1, the export of MSE, associated with
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drying by moisture advection, exceeds the effects of the local processes, leading to the decay phase of convection.
This evolution, once again, most strongly matches that reported for convection over the tropical oceans (Inoue &
Back, 2017).

The growth phase of the bursts in C3 resembles that of C1 with an amplification of convection evident from Day
—4. A notable difference in this phase is the role of moisture advection. While C1 shows a reduction in the drying
of the analysis region, moisture advection in C3 remains close to zero throughout the entire pre-burst period.
Only after the burst does the drying through moisture advection dominate the MSE export. Unlike C1, instead of
decaying after reaching the burst peak the DEF indicates a potential for a further growth of convection. This is
related to an increase in the net energetic forcing after the burst brought about by a combination of a reduction in
radiative cooling and an increase in the LHF (most likely due to wetter soil conditions at the end of the monsoon).
In contrast, the export of MSE only slowly increases, reaching values of similar magnitude to the local forcing
only at Day+7. Consistent with this evolution, precipitation remains nearly constant, making C3 the strongest
burst cluster.

In the bursts of C2, convective amplification only begins 2 days before the burst. Notably, the C2 bursts are the only
class in which the growth phase is characterized by a direct moisture import through advection ({Z},,.Luq} < 0).
After the burst's peak, the DEF becomes positive, which should indicate a decay of the burst. However, rainfall
remains relatively constant, but at a much lower precipitation magnitude than in the other two clusters. Another
notable difference of the C2 class of bursts is that while the time evolution of moisture advection strongly influ-
ences the shape of the time evolution of DEF, its magnitude is much lower than that of the MSE divergence. This
indicates that in this class, the WTG assumption does not provide a good approximation for the burst behavior.

The burst classification applied above reveals notable and important differences between the MSE budget of
the different burst types identified by it. While C1 follows the “archetypal” MSE and GMS behavior of tropical
oceanic convection, C2 and C3 do not. To gain additional insight into the reasons for this behavior, Figure 8
shows maps of the evolution of rainfall and 850 hPa winds through the burst for the three types.

The pre-burst state (Day —3) in C1 is characterized by southeasterly flow in the southeastern half of the analysis
area and southwesterly flow in the northwest. Together they form a weak cyclonic circulation centered on the
North Australian coastline. By Day 0 the cyclonic circulation strengthens and its center is now located over the
Australian Top End. This is accompanied by a large increase in rainfall most visibly over the oceanic and coastal
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areas, but also inland. By Day +3 the center of the cyclonic circulation has moved further inland accompanied by
a reduction of rainfall over the ocean and coasts. The dominance of oceanic convection in the burst evolution is a
possible reason for the likeness of the MSE budget and GMS behavior of this burst type to convection over the
tropical oceans reported in earlier studies (Inoue & Back, 2017).

In strong contrast to C1, the bursts in C2 are characterized by easterly and southeasterly flow throughout their
evolution. This explains their most frequent occurrence in pre- and post-monsoon conditions. The rainfall pattern
on Day 0 shows rainfall maxima over the coastal regions and the Gulf of Carpentaria, but at a significantly lower
magnitude than the other burst types. The largely coastal character of the rainfall is consistent with a moistening
of a relatively dry pre-/post-monsoon middle troposphere by horizontal advection (see Figure 7n) before the
burst to the point where coastal processes can generate local rainfall, while the convection away from the coasts
remains suppressed (Bergemann et al., 2015). Narsey et al. (2017) have also shown that bursts early in the season
can be strongly affected by extratropical influences, which may well be a key mechanism in rearranging the flow
sufficiently to import moisture into our analysis area.

Pre-burst conditions in C3 show widespread easterly to southeasterly flow at Day —3, indicative of the prevalence
of these bursts in the post-monsoon season. By Day 0 the rainfall and circulation pattern is very similar to that of
the C1 bursts. However, perhaps owing to the seasonal evolution of the monsoon, the cyclonic circulation center
is located further north than in C1. While the circulation center moves southwestward by Day 43 as in ClI, it
remains relatively close to the coast maintaining large rainfall values over the oceanic and coastal regions in the
analysis area, thereby leading to a very different evolution of the MSE and GMS than the bursts in C1. An anal-
ysis of the International Best Track Archive for Climate Stewardship data set (Knapp et al., 2010) reveals that 13
of the 20 post-monsoon C3 bursts are associated with named Tropical Cyclones, consistent with the evolution of
the time evolution of the wind field in Figure 8.

It is interesting to note that the clustering algorithm identified burst types that to first order fall into different
phases of the monsoon seasonal cycle. This is likely caused by the strong relationship of the DSE divergence, a
variable used in the clustering, and rainfall. As a result, the lighter rainfall events of the pre- and post-monsoon,
which occur during quite different synoptic conditions, are identified as their own burst type (C2). Also, as
discussed above, the strong and long-lasting bursts (C3) are often associated with tropical cyclones, which tend
to occur later in the monsoon seasonal cycle.

The above analysis shows a very close connection of the monsoon burst behavior across the three classes with
the synoptic-scale circulation embedded in the even larger-scale monsoon circulation. The differences in both
the MSE budget and the GMS evolution are closely associated with the circulation differences. This suggests the
need for further investigation of the potential role of the circulation in the MSE budget behavior reported over
the open ocean.

4. Summary and Conclusions

This study investigated the evolution of the MSE budget and the GMS for Australian monsoon bursts. There were
two main motivations for doing so. First, while the circulation and rainfall behavior of bursts had been studied
before (Berry & Reeder, 2016; Narsey et al., 2017), their connection through the energy and moisture budgets had
not been clarified. Second, previous work has identified an archetypal cycle in the MSE and GMS for convection
over the open ocean. Here we use our ability to define rainfall bursts to extend our knowledge about convective
behavior in the tropics to the more complex situation of a mixed land-ocean region affected by the seasonal
evolution of a monsoon system.

The main conclusions of our study are:

e The composite of all monsoon rainfall bursts shows many of the characteristics identified in previous work
on oceanic convection. There is a strong relationship between rainfall and vertically integrated moisture. The
evolution of MSE through the burst is dominated by moisture evolution. The evolution of the divergence of
MSE is dominated by the horizontal advection of moisture. There is a distinct growth phase of convection
before the burst peak, that can be identified by applying the GMS-based concept of DEF. The moistening of
the region before the rainfall burst is the result of reduced drying by horizontal advection creating an imbal-
ance that allows the LHF to moisten the region.
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e Despite the many commonalities, the composite of all monsoon bursts also shows major deviations from the
behavior of oceanic convection. The GMS-plane “cycle” of the composite burst does not show a distinct
convective decay phase as found over the ocean. This is reflected in all aspects of the MSE budget and GMS,
in particular the absence of a positive value of DEF.

e The differences can be explained through the existence of several distinct types of monsoon bursts as charac-
terized by their GMS evolution. A cluster analysis of the two components of the GMS reveals three different
types of rainfall bursts during the monsoon season. One of these types (C1) behaves similarly to oceanic
convection with distinct convective growth and decay phases. This type occurs most frequently during the
active monsoon. The other two show very different behaviors. A low-rainfall burst type (C2), mostly found
before monsoon onset, is associated with localized coastal convection with little rainfall decay after the burst.
A sustained high-rainfall burst type (C3), which occurs mostly near the end or after the retreat of the monsoon,
shares its growth characteristics with the typical monsoon burst but shows no decay maintaining very high
rainfall levels for at least a week after the burst.

e Consistent with the large role horizontal moisture advection plays in the MSE budget evolution, the behavior
of the different burst types is strongly related to the large-scale monsoon circulation. The three burst types
show distinct circulation characteristics, in particular during and after the rainfall burst. The pre-burst period
is dominated by easterly to southeasterly trade wind flow in all three burst types. The weak rainfall bursts (C2)
maintain this flow but at a higher level of humidity, allowing coastal rainfall to develop. The decay of rainfall
in the “oceanic” monsoon bursts (C1) is associated with a strong southward shift of the cyclonic monsoon
circulation away from the coast. In contrast, this circulation is located further north in the burst that maintains
rainfall in the region for a long time (C3).

In summary, the application of the MSE budget and GMS concepts to Australian monsoon bursts has broadened
our understanding of the physical and dynamical processes involved in their evolution. The objective identi-
fication of the bursts has also revealed the different behavior of rainfall in different phases of the Australian
monsoon, with low rainfall in the build-up and decay of the monsoon, episodic relatively short bursts in the active
monsoon, and strong and long-lasting bursts enhanced by tropical cyclone activity around the termination of
the monsoon. The discovery of several distinct types of bursts in our study region raises the question of whether
distinct regimes of rainfall behavior also exist over the open ocean and how they might affect the overall MSE
and GMS behavior reported in previous studies. The close connection of burst behavior and the larger-scale
circulation likely also warrants further investigation of the potential role of the circulation system in oceanic
convection.

Appendix A: Mass Flux Correction

Due to the reanalysis output’s discrete space and time intervals, as well as the uncertainties in data assimilation,
it is not possible to fully close the budgets calculated throughout this study. To reduce budget estimation errors,
we first adjusts the wind field to close the column total mass budget before calculating other budgets using the
adjusted wind field. The adjustment of column mass is based on the expression:

_1op
g ot

-V -{pby} =P-E. (A1)

Where, p is the surface pressure and p is the density. Equation Al contains three terms: surface pressure tendency,
vertically-integrated mass divergence, and mass gain/loss due to precipitation and evaporation “P — E.” Applying
the divergence theorem to Equation Al and spatially integrating over an area “A” yields:

10[ps] 1 2 =
—_—— == Uny-ndl=[P]-[E]

s o A M{p 0} [P] - [E] (A2)
where the integral is over the area’s boundary, denoted 0A with a unit normal 7, and the square brackets denote
area averages. Incomplete sampling of the inputs to Equation A2 in space and time yields a residual term, “R,”
equal to the difference between the left and right sides of the equation. Hill et al. (2017) propose adjusting the
velocity field at each point along the area boundary to ensure closed mass balance.
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L(ps — prop)

Uh,adj = Uh —

(A3)
Here, Upqq; 18 the adjusted horizontal velocity vector at each level, Uy is the original horizontal velocity, and A
and L correspond to the area and perimeter of the box, respectively. The adjusted velocity is defined to exactly

satisfy Equation A2. We note that the adjustments to the velocity are only defined along the box perimeter and
are constant in pressure. Importantly, the adjustments made by this technique are quite small.

Using the adjusted velocity field and the divergence theorem, we may write the MSE budget equation for our
analysis area as:

oAl + ljzf {hOhasj} - dl = Ly[E]+ [H] + [R] + [R;]. (A4)
ot A Joa

So the mass corrected divergence can be written as:

n

L m
Z{hNandj,Ni} += Z{hEiuadj,Ei}
i=1 i=1

m

Lxl

V- {htn} = %}é‘{hﬁh,mﬁ} idl =

| =

(A5)

Ly Loy
_Zy ;{hWiuadj-Wi} -= ;{hs"”‘“”'s"}

n

Here each sum represents the integral over one of the boundaries. The subscripts N, E, W, and S correspond to
the north, east, west, and south boundary of the latitude-longitude box, respectively, u,, Gixi and v, a.xi A€ the zonal
and meridional wind components at the discrete grid points along each boundary, and m and n are the number of
grid points along the boundary in latitude and longitude, respectively. L ; and L, are the length of northern and
southern boundaries, respectively, which depends on the latitude and L, is the length of the western and eastern
boundary.

In a similar procedure, V - {sz'}h} is calculated.

Data Availability Statement

The ERAS data for pressure levels and the surface used in this study are available at https://cds.climate.copernicus.
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