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The Madden–Julian oscillation (MJO) and its associated air–sea interactions

during the onset process of the 2018/2019 Indonesian–Australian summer

monsoon (IASM) are investigated based on the in situ data from a moored buoy

off the coast of northwest Australia, along with ERA5 reanalysis and satellite

data. The results verify that the IASM onset in mid-December 2018 was

triggered by the first-branch eastward-propagating MJO (FEMJO) originating

from the tropical Indian Ocean. However, the strong negative SST anomaly

(SSTA) was evident off northwest Australia, which weakens FEMJO over

northern Australia and shifts the convective center further northward. The

mixed layer heat budget analysis based on the buoy observations reveals that

the increased latent heat loss that occurred before the arrival of the FEMJO

convection was primarily attributed to the large air–sea temperature difference

and strong winds, resulting in the pronounced SSTA.

KEYWORDS

summer monsoon onset, air-sea interaction, Madden-Julian oscillation, heat budget,
buoy observation
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1 Introduction

The Indonesian–Australian monsoon (IAM) in the Southern

Hemisphere, as an important component of the Asian–

Australian monsoon system, covers a wide region of the

southern maritime continent and northern Australia. The

seasonal transition of the Indonesian–Australian summer

monsoon (IASM), which normally occurs in late December, is

typically characterized by abrupt dry–wet changes and

prevailing winds shifting from southeasterly to northwesterly

(Hendon and Liebmann, 1990a; Chang et al., 2004; see also

Figure 1). The timing of the IASM onset has a substantial impact

on the regional climate and marine ecosystem, which makes it

one of the most crucial foci of monsoon research, prediction, and

application. The significantly delayed IASM onset in 2019/2020

is such an example, which directly induced extreme warm-dry

weather and heatwave conditions from December 2019 to
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January 2020 and caused severe coral bleaching and increased

wildfire activity in the IASM region (Wang and Cai, 2020).

Therefore, it is crucial to explore the detailed process of the

IASM onset and its underlined mechanisms in order to improve

regional monsoon forecasting.

With the longer station records available from Darwin and

reanalysis datasets, the large-scale circulation changes, associated

mechanisms, and multi-time-scale variations of the IASM onset

have been much discussed in previous literatures (e.g., Holland,

1986; Hendon and Liebmann, 1990a; Hendon and Liebmann,

1990b; Suppiah, 1993; Drosdowsky, 1996; Hung and Yanai, 2004;

Wheeler and McBride, 2005; Kullgren and Kim, 2006; Kim et al.,

2006; Kajikawa et al., 2010). It is well noted that the remarkable sea-

surface temperature (SST) warming occurs off the coast of northern

Australia during the premonsoon period, and the subsequent IASM

onset always coincides with the arrival of the active Madden–Julian

oscillation (MJO; Hendon and Liebmann, 1990a; Kawamura et al.,

2002; Wheeler and McBride, 2005). It was recently further revealed

that a robust phase-locking relationship exists among the regional

SST maximum north of Australia, the first-branch eastward-

propagating MJO (FEMJO) originating from the tropical

southwestern Indian Ocean, and the IASM onset (Duan

et al., 2019).

The MJO is one of the major systems affecting the IASM,

typically causing large-scale heavy rainfall across northern Australia

and the maritime continent (Hendon and Liebmann, 1990b; Berry

and Reeder, 2016). The 2018/2019 IASM experienced three pulses

of the MJO, as shown in Figures 2A, B. From December 2018, MJO

originating from the tropical Indian Ocean began to veer

southeastward from its previous northeastward propagation route

in the eastern Indian Ocean and passed through the IASM region.

In its active phases, the prevailing northwesterly winds strengthen

and widespread rainfall moves across the monsoon region. In

contrast, the suppressed phases of the MJO are generally

associated with weakened northwesterlies and even transient

reversals and reduced rainfall conditions. The IASM finally

retreated in early April 2019, with the southeasterly once again

dominating the monsoon region (Figure 2B).

The IASM onset is traditionally defined as the arrival of

northwesterly winds accompanied by widespread rainfall

(Lisonbee et al., 2020). Following this criterion, the time series

of area-averaged zonal wind and rainfall shows that the dry

regime of low-level easterlies persisted until early December

(Figure 2C). Subsequently, the zonal wind became westerly, and

rainfall increased dramatically. Thus, the onset of the 2018/2019

IASM occurred in mid-December and was concurrent with the

arrival of the FEMJO, which is well consistent with our previous

theory (Duan et al., 2019). However, based on the station

observations at Darwin (Figure 2D), the Australian Bureau of

Meteorology has declared that the official onset data for the

2018/2019 IASM is 23 January 2019, which is the third latest

monsoon onset on record at Darwin (see the analysis in the

weekly Tropical Climate Note archive, www.bom.gov.au/
A

B

FIGURE 1

The seasonal patterns of the IAM system for (A) August–
November 2018 and (B) December 2018–March 2019: GPCP
precipitation (shaded; mm day−1), NOAA OLR (black contours;
only values lower than 240 W m−2 are shown), and ERA5 wind
field (vectors; m s−1). The red (black) vectors indicate that the
zonal component of the wind is westerly (easterly). The blue box
(0°–15°S, 110°–150°E) superimposed on the plot indicates the
region of the IAM system in the present study. The magenta dot
in (A) indicates the Darwin airport station (station number:
14015), Australian Bureau of Meteorology.
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climate/tropical-note/archive.shtml). It is very confusing to have

different onset dates for the 2018/2019 IASM following the

different onset definitions.

How to understand such significantly conflicting onset data of

the 2018/2019 IASM? And what processes are responsible for it?

We attempt to address these questions and reveal their associated

mechanisms in the present study. Recently, a field campaign under

the umbrella of the Years of the Maritime Continent (YMC;

Yoneyama and Zhang, 2020) was conducted off northwest

Australia to capture the air–sea interactions during the 2018/2019

IASM (Feng et al., 2020; Song et al., 2021). This gave us the valuable

chance to decipher the mystery of the 2018/2019 IASM onset. The

focus of the present study is (1) to describe the detailed evolution of

the 2018/2019 IASM from the pre- to postmonsoon period and (2)

to quantitatively examine the air–sea interactions that modulate the

IASM onset.
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2 Data and methods

One Bailong buoy was deployed on 21 November 2018 at 16°

51.432′S, 115°13.314′E and retrieved on 4 January 2020. It

measured the surface meteorological parameters including air

temperature, pressure, wind speed and direction, relative

humidity, downward shortwave, longwave radiation, and rainfall

(see Supplementary Tables ES1, ES2 of Feng et al. (2020) for the

sensors’ configuration and technical specifications). The buoy also

measured the upper ocean temperature at 1 (nominally designated

SST), 10, 20, 40, 60, 80, 100, 120, 140, 200, 300, and 500 m depth

levels. The oceanic conductivity was measured at 1, 10, 20, 40, 60,

80, 100, 140, and 300 m. The surface meteorological and

subsurface oceanographic measurements were all observed at

10-min intervals. Hourly ocean currents were measured at

depths of 10 and 100 m.
A B

C

D

FIGURE 2

Longitude-time diagram of the meridionally averaged (A) SST (shaded; °C), wind field (vectors; m s−1), 30–60-day bandpass-filtered OLR
anomaly (contours; W m−2; only values lower than −10 W m−2 are plotted), and (B) precipitation (shaded; mm day−1) and repeated 30–60-day
OLR anomaly (contours) from September 2018 to May 2019, all averaged between 15°S and 0°. The magenta box in (A) indicates the IASM
region. The green (black) vectors in (A) mean that the zonal winds are westward (eastward). The thin magenta line in (B) denotes the position
and available observation period of the moored buoy. Time series of (C) the daily area-averaged zonal wind (black line; m s−1) and precipitation
(gray bars; mm day−1) over the IASM region and (D) the zonal wind (black line; m s−1), precipitation (gray bars; mm day−1, reduced by a factor of
5), and climatological daily mean precipitation (gray line) at Darwin airport station. The thick red bar indicates the onset date of the 2018/2019
IASM defined in the present study (C) and that officially declared by the Australian Bureau of Meteorology (D).
frontiersin.org

http://www.bom.gov.au/climate/tropical-note/archive.shtml
https://doi.org/10.3389/fmars.2022.1089493
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Duan et al. 10.3389/fmars.2022.1089493
In this study, the air–sea heat fluxes are calculated from the

buoy data with COARE 3.0 bulk formula (Fairall et al., 2003).

The observed upper ocean temperature, salinity, and current

data at discrete depths are used to examine the daily mixed layer

heat budget. The mixed layer heat budget equation is written as:

∂T
∂ t

=
Qnet − Qpen

rCph

" #
− u

∂T
∂ x

+ v
∂T
∂ y

� �

−H Wh +
∂ h
∂ t

� �
(Th − T)

h
+ Residual

The individual terms of the equation above represent, from

left to right, the mixed layer temperature (MLT) tendency, net

surface heat flux (NSHF), horizontal advection (ADV), vertical

processes (VER; the combination of entrainment and vertical

advection), and residual term (Res). T is the average MLT, r is

the density of seawater, Cp is the specific heat capacity of

seawater, and h is the mixed layer depth (MLD). The net

surface heat flux Qnet is the sum of the latent heat flux, sensible

heat flux, and longwave and shortwave radiation, and Qpen is the

penetrative component of the shortwave radiation through the

base of the mixed layer. u and v , representing the mixed layer

currents, are obtained by interpolating the buoy observations at

depths of approximately 10 and 100 m. The ocean current in the

upper 10 m is simply using the current measured at 10 m from

the mooring. Since the MLT well represents the SST as displayed

later in the next section, the horizontal temperature gradients,
∂T
∂ x and ∂T

∂ y , are estimated using the upstream difference of

OISST around the buoy location by following the methods of

Bond and McPhaden (1995) and McPhaden and Foltz (2013).

Wh is inferred from the change rate at the depth of the 25°C

isotherms below the mixed layer, and Th is the temperature at

5 m below the MLD that is entrained into the mixed layer. H is

the Heaviside step function. In the present study, MLD is

estimated as the depth where the density is 0.15 kg m−3 denser

than the sea-surface density (Girishkumar et al., 2017). The

isothermal layer depth (ILD) is defined as the depth at which the

temperature is 0.3°C lower than the SST. The barrier layer

thickness (BLT) is thus obtained as the difference between ILD

and MLD. To compare the governing mechanisms for the SST

evolution during the premonsoon period with the buoy

observation, the 5-day SODA 3.4.2 output (Carton et al., 2018)

is also used to conduct the mixed layer heat budget.

For the atmospheric variables, 850-hPa wind data from the

ERA5 reanalysis dataset (Hersbach et al., 2018), with a spatial

resolution of 0.25° × 0.25°, are employed to display the 2018/

2019 IASM evolution. In addition, daily outgoing longwave

radiation (OLR; Lee et al., 2011), precipitation from the Global

Precipitation Climatology Project (GPCP; Robert et al., 2017),

and NOAA Optimum Interpolation SST (OISST; Reynolds et al.,

2008) data are also used to illustrate the MJO patterns.
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3 Results

First, we need to examine detailed evolutions of the FEMJO

and wind field in December 2018. In early December 2018, as

shown in Figures 3A, B, the FEMJO was first initiated in the

southwestern Indian Ocean and then strengthened and moved

eastward across the central and eastern parts of the Indian

Ocean. During this period, the suppressed cloudiness and dry

conditions dominated the IASM region. The low-level wind was

also weak there. The concurrent low cloudiness and weak wind

prior to the arrival of FEMJO induced more shortwave radiation

into the ocean and less latent heat loss from the ocean, thus

leading to the pronounced warming of the SST north of

Australia. This clearly shows that the meridionally averaged

SST north of Australia reached its annual maximum in early

December, just before the monsoon onset (Figure 2A), which is

consistent with the composite results of Duan et al. (2019). At

this time of the year, this high SST over the IASM region usually

preconditions the monsoon onset by providing the atmospheric

convective instability that favors the convection system to pass

through the maritime continent (Duan et al., 2019). The FEMJO

for 2018/2019, however, weakened markedly as it started to cross

the maritime continent on 16–20 December (Figure 3D).

Meanwhile, the main route of the FEMJO for 2018/2019

shifted much further northward compared to its climatological

position, as shown in Figure 8 by Duan et al. (2019). This then

resulted in little rainfall over northern Australia (Feng et al.,

2020; see also Figure 3D). So, the rainfall criterion for monsoon

onset was not technically met at Darwin, and the monsoonal

westerly did not last long enough for monsoon criteria to be met

until late January, as analyzed in the weekly Tropical Climate

Note archive (www.bom.gov.au/climate/tropical-note/archive.

shtml ; see also Figure 2D). When the FEMJO convection was

over the region, however, the concurrent westerly winds and

heavy rainfall indicated that the IASM was officially established

(Figure 3D). Following the IASM onset definition in Duan et al.

(2019), the first day when the maximum FEMJO convection

arrived at 120°E, the 2018/2019 IASM onset date was 16

December. This FEMJO afterward passed over the MC, and it

veered southward and strengthened in the eastern part of the

maritime continent during late December with enhanced rainfall

and northwesterly winds (Figures 3E, F). It did bring rainfall and

westerly wind to Darwin. However, the Bureau of Meteorology

did not announce the monsoon onset due to its limited,

persistent period of rainfall and westerly wind over Darwin

not meeting the criteria (Figure 2D). This divergence of

monsoon onset conclusions comes from the specific choice of

the regional criteria or the local one. It is evident that confusion

is sometimes inevitable.

It is worth mentioning that the FEMJO’s apparent

northward shift over the western part of the IASM region and
frontiersin.org
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A

B C

FIGURE 4

(A) Distribution of the tropical SST (shaded; °C) and wind (vectors; m s−1) anomalies in December 2018. The magenta diamond denotes the
position of the moored buoy. Time series of 3-month running mean (B) DMI (bars; °C) and (C) NINO3.4 SST anomalies (bars; °C) from May 2018
to May 2019. The dotted lines indicate the threshold of ±0.4°C (B) and 0.5°C (C) for the warm and cold periods, respectively.
A B

C D

E F

FIGURE 3

Evolution of the pentad-averaged precipitation (shaded; mm day−1), wind field (vectors; m s−1), and 30–60-day OLR anomaly (contours; only
values lower than −10 W m−2 are plotted) for December 2018.
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its later on southward veering and intensification over the

eastern part of the IASM region happen to coincide with

the strong negative/positive SST anomalies (SSTAs) over the

western/eastern IASM region (Figure 4A), which could be

attributed to the extended positive Indian Ocean dipole (IOD)

event in the tropical Indian Ocean and the El Niño-like

conditions in the tropical Pacific Ocean (Saji et al., 1999;

Shinoda et al., 2004; Meyers et al., 2007; Zhang et al., 2017; see

also Figures 4B, C). It is then necessary to explore the

relationship between the SSTA and MJO routes, which will

help compromise the conflicting conclusions on IASM onset.

Existing studies suggest that the high SST warming between

Indonesia and Australia helps shape the atmospheric convection

instability conditions that favor MJO’s eastward propagation

and southward veering as it crosses the maritime continent

(Kawamura et al., 2002; Zhang, 2005; Hsu and Li, 2012; Wang
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et al., 2017; Wang et al., 2018; Duan et al., 2019; Wang and Li,

2020a; Wang and Li, 2020b; Zhou and Murtugudde, 2020). A

natural question is what kind of air–sea interaction processes are

responsible for this strong negative SSTA prior to the 2018/2019

IASM onset. To address this question, the mixed layer heat

budget is conducted with the buoy observations, which are

coincidently located in the center of the negative SSTA region

(see Figure 4A).

The detailed evolution of the 2018/2019 IASM has been well

recorded by buoy observations. The active phases of the MJOs

(see black horizontal bars in Figure 5B) are defined using the

meridionally averaged OLR anomalies at the buoy longitude as

described in Feng et al. (2020). Because of the far north path of

the FEMJO (also denoted as MJO1 in Figure 5B), its associated

shortwave radiation, SLP, and rainfall were not as significant as

those of the later second MJO (MJO2) event (Figures 5B–D).
frontiersin.or
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FIGURE 5

Daily time series of the buoy-measured (A) relative humidity (%); (B) sea-level pressure (black line; mb) and rainfall (red line, mm day−1); (C) wind
speed (black line, m s−1) and wind direction (red line); (D) shortwave radiation (thin black line; W m−2), longwave radiation (magenta line; W m−2),
latent heat flux (blue line; W m−2), sensible heat flux (green line; W m−2), and net air–sea heat flux (thick black line; W m−2); (E) air temperature
(blue line; °C), SST (black line; °C), and MLT (red line; °C); (F) upper ocean temperature (°C); (G) salinity (psu); and (H) the 5-day running
averaged MLT budget components (°C day−1) from November 2018 to February 2019. Dry and wet stages of the 2018/2019 IASM are shaded
and labeled based on the humidity evolution in (A), with the thick magenta bar indicating the IASM onset date in the present study. Black
horizontal bars in (B) denote the active periods of the MJO events as in Figure 2A. Positive heat flux in (B) represents a gain to the ocean. The
green and black lines in (F, G) represent the MLD and ILD, respectively.
g
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However, a remarkable increase in the relative humidity in early

December was well observed (Figure 5A), which is quite

consistent with the composite results of Duan et al. (2019).

The relative humidity is a good indicator of the dry–wet

transition in the IAM region. Based on the buoy-observed

humidity, we can easily distinguish the different stages of the

2018/2019 IASM. The near-surface relative humidity was low

(below 70%) during the premonsoon period and was

significantly high (over 80%) during the summer monsoon.

The high humidity was interrupted during 16–20 December,

which was influenced by the very northern-shifted FEMJO

position and the hence transient dry-cold southwesterly winds

from northwestern Australia (Feng et al., 2020; see also

Figures 3C, D). The wet state was quickly restored in

late December.

In contrast to MJO1, the buoy-observed variables associated

with MJO2 exhibit more pronounced fluctuations (Figure 5).

During the active phases of the MJOs, low sea-level pressures,

enhanced rainfall, high wind speeds, and reduced air–sea net

heat fluxes typically occurred at the buoy site. The

corresponding air temperature and SST both experienced a

sharp drop of 2°C–3°C in a few days. The observed upper

ocean temperature from the moored buoy also exhibits

considerable intraseasonal fluctuations, which are especially

noticeable in the upper 40 m, with persistent warming during

the suppressed phases of the MJOs and abrupt cooling as the

active MJOs pass the buoy site (Figure 5F).

From the MLT budget as displayed in Figure 5H, we observe a

sustained warming tendency (0.066°C day−1) prior to the IASM

onset until the convectively active MJO1 induced a remarkable

cooling. During the MLT warming period, the NSHF heating

(0.046°C day−1) of the mixed layer is always positive. The VER

(−0.032°C day−1), on the other hand, always cools the MLT.

Though the NSHF plays an important role, it cannot completely

explain the observed evolution of MLT warming tendency. It is

worth pointing out that there are substantial ADV (0.023°C day−1)

and Res (0.029°C day−1) terms in the MLT budget. Note that there

were no direct current observations in the upper 10 m from the

buoy, which would considerably underestimate the ADV and

overestimate the Res in our analysis. In addition, the formation of

a mean 10-m BLT limited the turbulent vertical transfer between

the mixed layer and the thermocline (McPhaden and Foltz, 2013;

see also Figures 5F, G). In contrast, the result based on the SODA

climatological data shows that the MLT warming tendency in

November–December is almost entirely determined by the

NSHF, with VER and ADV having only a minor effect

(see Figure 6).

In general, the comparison between the MLT heat budget for

2018 and climatology indicates that the reduced NHSF is the

primary reason for the negative SSTA off northwest Australia.

This is consistent with the previous studies, which noted that the
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MLT variation off northwest Australia is dominated by the air–sea

heat flux (Qu et al., 1994; Du et al., 2005), especially latent heat flux

(Kawamura et al., 2002; Santoso et al., 2010). Considering the four

heat flux components separately, as shown in Figure 5D, since the

values of the daily shortwave radiation from pre- to postmonsoon

periods are almost the same (~310 W m−2), more shortwave

radiation is absorbed by the ocean mixed layer because of the

existence of a deeper MLD before the monsoon onset. Additionally,

both the variations of longwave radiation and sensible heat flux are

near zero and can be neglected. Therefore, the large variations in the

NHSF are primarily due to the enhanced latent heat loss of

approximately 75 W m−2 from the ocean to the atmosphere in

response to the stronger wind speed (5.7 m s−1) and larger air–sea

temperature difference (1.60°C), as displayed in Figures 5C, E.
4 Summary and conclusions

In this study, we examined the onset process of the 2018/

2019 IASM associated with the air–sea interactions using upper

oceanographic and surface meteorological observations from the

Bailong buoy off northwest Australia, in conjunction with ERA5

reanalysis and various satellite data. The extensive observations

provide an excellent opportunity to study the onset process of

the IASM and to quantify the MLT budget and air–sea

interactions associated with the MJOs. The results show that

the IASM onset in mid-December 2018 appears to be triggered

by the FEMJO originating from the tropical Indian Ocean.

However, in response to the sustained El Niño-like conditions

in the Pacific Ocean and weak positive IOD event in the Indian

Ocean, a strong negative SSTA presents off northwest Australia,

which acts to modulate the FEMJO characteristics by reducing

its activity over Australian longitudes and shifting the convective

center further northward. Two subsequent MJO pulses

contribute to enhanced monsoon westerlies and rainfall over

the monsoon region and thus result in strong intraseasonal

IASM variability.

The mixed layer heat budget analysis based on buoy

observations is conducted to evaluate the air–sea interaction

processes responsible for the strong negative SSTA off northwest

Australia. The MLT displays a relatively weak warming tendency

prior to the monsoon onset. Also, this is primarily attributed to

the positive surface heat flux into the ocean. However, the

variability of net surface heat flux is largely controlled by the

modulation of latent heat flux. Our analysis reveals that the large

air–sea temperature difference and strong winds before the

arrival of the FEMJO convection both contribute to the

enhanced latent heat loss and then result in the pronounced

negative SSTA off northwest Australia.

In summary, the present study demonstrates the critical

value of unique observations of simultaneous air–sea
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exchanges and upper-ocean variability in the Indonesian–

Australian Basin for the first time to study the IASM onset

process during the 2018/2019 austral summer. More

importantly, the present results provide a reasonable

explanation for the divergence on the 2018/2019 IASM

onset and emphasize the importance of the air–sea

interactions associated with the MJO. In addition, the

collected high-frequency data will be used to explore the

diurnal cycle of the air–sea exchanges and its role in

modulating the MJO and to evaluate the quality of the

reanalysis products in reproducing the MJO process.
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FIGURE 6

Time series of the (A) daily OISST (black line; °C), pentad-averaged SST (blue line; °C), and MLT (red line; °C) from SODA climatology; (B) daily
shortwave radiation (thin black line; W m-2), longwave radiation (magenta line; W m−2), latent heat flux (blue line; W m−2), sensitive heat flux
(green line; W m−2), and net air–sea heat flux (thick black line; W m−2) from TropFlux; (C) upper ocean temperature (°C) and (D) MLT budget
components (°C day−1) from November to January. Positive heat flux in (B) represents a gain to the ocean. The green and black lines in (C)
represent the MLD and ILD, respectively.
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