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Abstract cold surges are synoptic weather systems that occur over the Maritime Continent during the
boreal winter. They are characterized by the strengthening of prevailing low-level northerly to north-easterly
winds, temperature falls of a few degrees over several days, and in some cases, heavy prolonged rainfall and
flooding. We investigate the synoptic structure and development of cold surges through composites of dry,
moderate and wet surges. Each surge category is defined by the distribution of precipitation averaged within a
specified domain over the equatorial South China Sea. Dry surges are characterized by cross-equatorial flow
and positive mean sea-level pressure anomalies that reach the Southern Hemisphere, and enhanced descent

or weaker ascent. Wet surges are characterized by limited cross-equatorial flow, low-pressure anomalies over
the equator, and enhanced moisture and ascent. The local diurnal precipitation patterns are consistent with the
convection being controlled by the mid-tropospheric buoyancy of an idealized entraining plume. This buoyancy
diagnostic suggests that wet surges are characterized by a moister free troposphere because this reduces the
effect of entrainment and allows deep convection to develop. On the large scale, the environment in which wet
or dry cold surges form is closely related to the Madden-Julian Oscillation (MJO) phase. Dry and moderate
surges occur predominantly in the suppressed phases of the MJO, while wet surges often herald the eastward
propagation of the MJO convective envelope. Finally, convectively active phases in the Australian monsoon are
more likely following dry cold surges, and are sometimes associated with the MJO.

Plain Language Summary Cold surges are large-scale monsoon weather systems that bring
strong north-easterly winds, colder air, and sometimes very heavy rainfall and flooding over the Maritime
Continent region between November and March of each year. We investigate the structure and development
of dry, moderate, and wet cold surges. The three categories are defined based on rainfall averages over a
domain located near the equator. The rainfall, on which the categories are defined, is primarily influenced

by the Madden-Julian Oscillation (MJO). The MJO has a major influence on tropical weather on weekly to
monthly timescales. Of the three categories, dry surges are characterized by the highest mean sea-level pressure
anomalies, and by north-easterly winds that cross the equator into the Southern Hemisphere and then turn to
become westerly over Java and northern Australia. The westerly winds are often associated with activity in
the Australian summer monsoon. In contrast, wet surges are characterized by low-pressure anomalies over the
equator, and weak westerly or easterly winds over southern Java and northern Australia.

1. Introduction

Cold surges are synoptic weather systems that occur over the Maritime Continent during the boreal winter
(November—March; NDJFM), and are characterized by the strengthening of prevailing low-level northerly to
north-easterly winds, temperature falls of a few degrees over several days, and in some cases, heavy prolonged
rainfall and flooding (e.g., Chang et al., 1979, 2004, 2005; Ding, 1994; Fong & Ng, 2012; Johnson & Chang, 2007;
S. Y. Lim et al., 2017; MSS, 2022b; Pullen et al., 2015; Ramage, 1971; Tangang et al., 2008; Wu et al., 2007;
Xavier et al., 2020). They often produce bursts of convection around the equator, affecting the coastal regions of
Southeast Asia such as Vietnam, the Malaysian Peninsula, and Singapore. These regions are located within the
western half of the Maritime Continent, which is the largest archipelago on Earth and a region of intense convec-
tion (e.g., Argiieso et al., 2020; Neale & Slingo, 2003; Ramage, 1968).

Examples of extreme rainfall from cold surges are documented in Fong and Ng (2012), including one on 9-10
December 1969 where torrential rain fell over the east coast of the Malaysian Peninsula, and a daily rainfall
total of 483.1 mm was recorded at Singapore's climate station. During another cold surge on 2 December 1978,
a record high daily rainfall total of 512.4 mm was observed, which is about 25% of Singapore's annual average
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rainfall (Fong & Ng, 2012). The extreme rainfall from this surge resulted in seven deaths and the evacuation
of hundreds due to widespread flooding over the island. More recently, two strong cold surges that affected
Singapore and the surrounding region between 1-2 January and 8-13 January 2021 each had peak daily rainfall
amounts exceeding 200 mm at Singapore's climate station. These consecutive cold surges were the primary
contributors of the second wettest January in 152 years of record (MSS, 2022a).

Cold surges are driven by the strengthening of a large anticyclone over Siberia that dominates the low-level circu-
lation over Asia, often referred to as the “Siberian high” (e.g., Ding, 1994; Fong & Ng, 2012; Lau & Li, 1984; H.
Lim & Chang, 1981). Southward intrusions of the Siberian high often result in sudden surges of strong northerly
to north-easterly winds that propagate toward China and the South China Sea. As cold and dry winds strengthen
with the passage of the surge, the post-surge air crosses higher equatorial sea surface temperatures. Hence, in
the post-surge air the evaporation, humidity, and temperature all increase (Chang et al., 1979, 1983). Johnson
and Houze (1987) adapted meridional cross sections of temperature and dew point temperature constructed by
Warner (1982) to illustrate the gradual transition in the lower troposphere from cold, dry air at 22°N to warm,
moist tropical air at 12°N. This transition is associated with large-scale ascent and deep convection that is particu-
larly strong near the Borneo region as a response to strengthening low-level winds, and surface sensible and latent
heat fluxes (Chang et al., 1979; Johnson & Zimmerman, 1986; Warner, 1982). In other words, cold and dry surge
air that is advected equatorward becomes warm and moist due to surface heat and evaporative fluxes.

Along with strengthening low-level winds, a cyclonic circulation sometimes forms off the northwest coast of Borneo.
This circulation is known as the Borneo vortex and is associated with enhanced deep convection (e.g., Chang
et al., 1979, 2003, 2005; Johnson & Houze, 1987). H. Lim and Chang (1981) showed that both the north-easterly
surge winds and the Borneo vortex are associated with the excitation of Rossby waves as the main response to
midlatitude pressure forcing from the Siberian high. Although their study shows that the Borneo vortex can occur
even in the absence of topography, other studies have shown that this cyclonic circulation is maintained by the
low-level convergence in the region between the north-easterly cold surge winds and the mountainous terrain of
Borneo (Chang et al., 2003; Cheang, 1977; Johnson & Houze, 1987; Koseki et al., 2014). According to Koseki
etal. (2014), strong cold surges transport high absolute vorticity and water vapor from higher tropical latitudes to the
equatorial region, which sustains mesoscale convection and significantly enhances rainfall over the South China Sea.

From November to January, heavy rainfall from cold surges often affects Vietnam, the Malaysian Peninsula, and
Singapore (Fong & Ng, 2012; MSS, 2022a). Between February and March, cold surges cross the equator about
75% of the time. The cross-equatorial surge flow is associated with drier conditions over the entire Malaysian
Peninsula, eastern Vietnam, and Sumatra, but enhanced rainfall over the Java Sea and northwest of Australia
(Xavier et al., 2020). This contrast in cold surge precipitation within the winter monsoon season may be attributed
to variations in the Siberian high and Intertropical Convergence Zone (ITCZ). For example, drought conditions
over most parts of Indo-China, the Malaysian Peninsula, and Singapore in February 2014 were attributed to a
narrower ITCZ that caused convective regions to be restricted to the south of the equator (McBride et al., 2015;
Xavier et al., 2020). It is also thought that cross-equatorial surges sometimes trigger the onset of the Australian
summer monsoon (e.g., Davidson et al., 1983; Love, 1985; Suppiah & Wu, 1998). Moreover, the relative impor-
tance of cross-equatorial surges to bursts in the Australian summer monsoon compared to other influences such
as midlatitude fronts and the Madden-Julian Oscillation (MJO; e.g., Berry & Reeder, 2016; Narsey et al., 2017,
Narsey et al., 2018) have not yet been investigated.

Yang et al. (2019) is the first study to specifically examine the climatological conditions associated with wet and
dry cold surges. They analyzed wet and dry surges over Singapore during NDJFM 1979-1980 to 2017-2018.
They found that wet cold surges are characterized by a strengthening of the moisture flux in the South China
Sea, positive moisture flux convergence anomalies between 0°N and 10°N two days before surge onset, and that
heavy rainfall over Singapore is associated with a cyclonic circulation between Singapore and western Borneo on
the day of onset. In contrast, dry surges exhibit negative moisture flux anomalies from 0°N to 15°N and positive
anomalies from 0°S to 12°S up to 5 days prior to the surge. Consistent with cross-equatorial surges, these dry
surges mostly occur later in the boreal winter season between January and February.

Cold surges lasting six or more days that reach the low latitudes and precipitate over the Maritime Continent
region were classified into four types by Abdillah et al. (2021). Of the four surge types, two are relevant to the
equatorial Maritime Continent region, namely the “South China Sea type” and “Both type.” The former mostly
occurs in the early winter months and is often associated with low-pressure vortices near Borneo leading to heavy
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rainfall and flooding over Southeast Asia, whereas the latter is a combination of surges that affect both the South
China Sea and the Philippine Sea, and is characterized by the strong southward propagation of both northerly
wind and high-pressure anomalies that cross the equator. These surges are also characterized by strong positive
precipitation anomalies over the South China Sea, western Maritime Continent, and Java. Additionally, a more
recent statistical study by Feng et al. (2022) explored the role of cold surges in triggering the development of El
Nino by changing the surface wind over the western equatorial Pacific. Their analysis divided cold surges into
the western and eastern types with respect to their pathways in the northwestern Pacific; the western type passes
through the South China Sea while the eastern type passes through the Philippine Sea. They find that only the
latter could efficiently induce significant surface equatorial westerly anomalies to trigger El Nino.

According to Chang et al. (2005), the MJO modulates the frequency of cold surges and the variability of deep
convection. The deep convection is also affected by the interaction amongst the Borneo vortex, cold surges, and
the MJO. Chang et al. (2005) find that the presence of cold surges enhances the pattern of increased (decreased)
deep convection over the South China Sea when the Borneo vortex is present (absent). Cold surges strengthen the
vortex and shift the vortex center from over the South China Sea to the western coast of Borneo. There is strong
cyclonic horizontal shear over Borneo associated with enhanced equatorial westerly winds when the convectively
active part of the MJO (i.e., phase 3 out of 4 based on Figure 10 of Chang et al., 2005) is centered over the east-
ern portion of the Maritime Continent. Thus, the MJO may inhibit weak cold surges since its circulation pattern
directly opposes the north-easterly cold surge winds. Additionally, the vortex is least likely to be present when the
convectively inactive part of the MJO (i.e., phase 1 out of 4 based on Figure 10 of the study) is over the Maritime
Continent. Therefore, there are fewer cold surges and vortices during the convectively inactive phases of the MJO.

S. Y. Lim et al. (2017) also studied the effects of cold surges and the MJO on rainfall over Southeast Asia. They
found that the active phases of the MJO create a more favorable environment for convection by moistening
the atmosphere, which in turn enhances conditional instability. Although less frequent, cold surges during the
active phases of the MJO result in higher rainfall and the most extreme rainfall events as reported by S. Y. Lim
et al. (2017). Additionally, Xavier et al. (2020) show that cross-equatorial surges in February and March, which
are characterized by prolonged periods of strong meridional flow at the equator, tend to reverse the MJO wind
fields and hence suppress rainfall in the northern parts of the western Maritime Continent but enhance rainfall
over Java. Moreover, the equatorward advection of cold sea-surface temperatures from the midlatitudes by cold
surges can also act to suppress convection in the southern parts of the South China Sea.

The local thermodynamics of tropical moist convection can be related to the mid-tropospheric buoyancy in an
idealized entraining plume (i.e., the plume buoyancy), which we denote B; (Ahmed & Neelin, 2018; de Rooy &
Siebesma, 2010; Gregory, 2001). Based on this idea, Adames et al. (2021) investigated the relationship between
buoyancy and precipitation. They found that over the tropical ocean, precipitation is proportional to the buoyancy
of a plume that rises above the deep boundary layer and entrains environmental air through a deep inflow profile
as it ascends into the lower-free troposphere. In particular, there is a strong and linear relationship between B, and
precipitation above a threshold value of —0.02 m s~2. In the tropics, this precipitation-buoyancy relationship appears
to represent the underlying physical process better than more standard diagnostics such as convective available
potential energy (CAPE) and convective inhibition (CIN). Therefore, we use B, to characterize the environmental
thermodynamic conditions for cold surge precipitation, and to determine the differences in B, in wet and dry surges.

The present paper describes the synoptic structure and development of wet and dry cold surges over the Maritime
Continent using observational and reanalysis data sets. Additionally, we analyze the local thermodynamics of the
convection associated with cold surges from the perspective of B, . Section 2 outlines the data and methodologies
used. Section 3 investigates the climatologies of the seasonal and diurnal cycles of non-surge days, and dry, moder-
ate, and wet surges. Section 4 contrasts and discusses the synoptic structure of dry, moderate, and wet cold surges
using long-term composites. Section 5 analyzes the relationship between the MJO and cold surges, while Section 6
examines the connection between cold surges and the Australian summer monsoon. Conclusions follow in Section 7.

2. Data and Methods
2.1. ERAS and GPM

Output from the fifth reanalysis of the European Center for Medium-Range Weather Forecasts (ECMWF ERAS;
Hersbach et al., 2020) is used to composite long-term observations over a 20-year climatological period from
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local tropical circulations such as typhoons from the Philippine Sea (Ding, 1990; S. Y. Lim et al., 2017;

105°E-122°E (brown box in Figure 1)

Xavier et al., 2020). In other words, the MSLP condition eliminates surge events that are not related to

cold air outbreaks from the Siberian high and removes events with easterly flow from the Philippine Sea

The wind speed condition is commonly used by operational forecasters to monitor cold surges (S. Y. Lim

At least 0.75 standard deviations above the 20-year

Wind speed at 925 hPa

et al., 2017). The choice of 925 hPa was adapted from Chang et al. (2005)

NDJFM mean when averaged over 5°N—10°N,

107°E-115°E (magenta box in Figure 1)

Between 337.5° and 90°

Constrains the surge winds from north-north-westerly to easterly

Wind direction at 925 hPa

November 2000 to March 2020 (NDJFM 2000-2001 to 2019-2020). The ERAS5 data have a horizontal grid
spacing of 0.25° x 0.25° and we use 27 vertical levels from 1,000 to 100 hPa. Daily averages of hourly reso-
lution data are computed for the following ERAS fields: mean sea-level pressure (MSLP), total column water
vapor (TCWYV), zonal and meridional winds, vertical motion (w), temperature, and specific humidity. The
temperature and specific humidity are also computed at 3-hourly intervals.

We use Global Precipitation Measurement (GPM; Huffman et al., 2019) data to analyze the precipitation over
the 20-year period since data are only available from 2000. It has a horizontal grid spacing of 0.1° x 0.1°
and the multi-satellite precipitation estimate with gauge calibration field (i.e., “precipitationCal”) is used
(Huffman et al., 2019). The data set containing the final estimate of daily accumulated GPM precipitation
(i.e., GPM IMERG Final Precipitation L3) is used for the daily mean composites, and 30-min resolution data
is used to analyze the diurnal cycle at 3-hourly intervals.

Finally, we use daily data for the MJO index over the entire climatological period, where the real-time multi-
variate MJO index (RMM; Wheeler & Hendon, 2004) is used to identify the amplitudes and phases of
the MJO.

2.2. Cold Surge Identification

We identify cold surges by applying various criteria from Ding (1990), Chang et al. (2005), and S. Y. Lim
et al. (2017), as specified in Table 1.

Based on the ERAS5 climatology for NDJFM 2000-2001 to 2019-2020, the horizontal wind speed at 925 hPa
must be at least 11.5 m s~! to satisfy the wind speed threshold. The cold surges must also satisfy all three
conditions for at least two consecutive days (Ding, 1990). From these conditions on the wind speed and
direction, the “South China Sea type” and “Both type” are constrained to be the cold surges from Abdillah
et al. (2021). These are also the only surge classifications that affect the Maritime Continent region. In total,
the requirement for two consecutive surge days eliminates 40 single-day surges within the 20-year climato-
logical period, leaving a total of 545 cold surge days and 132 surges that are two days or longer.

2.3. Wet Versus Dry Cold Surges

Precipitation quartiles are used to distinguish dry (below the lower quartile—33 surges; 114 days), wet (above
the upper quartile—33 surges; 124 days), and moderate (between the quartiles—66 surges; 307 days) cold
surges for NDJFM 2000-2001 to 2019-2020. The precipitation thresholds for each category are based on
precipitation averages over a domain encompassing Singapore and parts of Malaysia, Sumatra, and Borneo
(see the “Precipitation domain,” blue box in Figure 1). The boundary for the lower quartile is approximately
3.5 mm d~! and for the upper quartile it is approximately 17.4 mm d~!. Anomalies for each variable are calcu-
lated by subtracting the 31-day centered moving average seasonal cycle climatology. Composites over the
20-year climatology are used to analyze the synoptic-scale structure and development of cold surges, and the
environments that characterize the dry, moderate, or wet surges. Lagged composites are computed between
day —5 and day +5 relative to the surge onset for each cold surge category. Composite maps are plotted within
15°S-25°N, 95°E—125°E (see the dashed red box in Figure 1) and 5°S-20°S, 95°E-150°E for the Australian
summer monsoon analysis (encompasses the “Australian monsoon domain,” green box in Figure 1).

To assess the statistical significance of each lagged composite, we construct a set of 1,000 composites based
on random days. The dates sampled are within +7 days from each of the 33 lagged composite days rela-
tive to surge onset in the dry and wet categories. Hence, these random composites have the same seasonal
distribution as the actual composites. We then assess the statistical significance by determining whether the
actual surge composite falls outside of the Sth or 95th percentiles of the mean random composite distribution
for each grid point. However, we note that the relevance of significance testing is disputed in atmospheric
science and many other disciplines (e.g., Ambaum, 2010; Gill, 1999; Johnson, 1999; Nicholls, 2001), and
that any conclusions drawn from such testing must be treated with caution.

2.4. Large-Scale Environment

The relationship between cold surge days in each category and the MJO is also analyzed since the MJO is one
of the large-scale organizing structures in the tropical atmosphere. First, the RMM index is used to categorize
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Figure 1. Map of the Maritime Continent region that depicts the transect analysis region (orange box), the cold surge indices
domains for mean sea-level pressure (brown box) and horizontal winds at 925 hPa (magenta box), the precipitation domain
to contrast wet and dry cold surges (blue box), the composite maps analysis region (dashed red box), and the Australian
monsoon domain (green box). Wind vectors at 925 hPa for the NDJFM 2000-2001 to 2019-2020 mean climatology.

days by phase of the MJO. Days with RMM amplitude greater than or equal to 1 are considered to be in one of
phases 1-8 as defined by the RMM index, otherwise the days are considered to be non-MJO days. For each surge
type, we then calculate the normalized frequency of days in each phase of the MJO. This is defined as the fraction
of days within a particular surge category that are in a particular phase of the MJO divided by the fraction of all
days in the climatology that are in the same phase of the MJO. For the Maritime Continent, phases 2-3 (phases
5-7) are considered the active (suppressed) phases of the MJO.

2.5. Local Conditions: Plume Buoyancy (B,)

We also analyze the local thermodynamics of the convection associated with cold surges in each category using
B, . Here we apply the formulation of Adames et al. (2021), in which B, is defined as:

O — 0 0; — O
BL=§(WB Ly L > (1

* *
KL eeL HeL

where

qu*
¢ R,T? ’

%—APBm<1+APL>, 3)

KL=1+ (2)

T AR AP;

and
WL=1-Ws. 4

In Equation 1, g = 9.8 m s72, 05 and 6, denote the equivalent potential temperatures within the deep bound-
ary layer (DBL; 1,000 to 850 hPa) and lower free troposphere (LFT; 850 to 600 hPa) respectively, and 67 is
the saturation equivalent potential temperature within the LFT. In Equation 2, ki, is the scaling term, where
L=25x10°J kg~ K" is the latent heat of vaporization, ¢, = 1,004 J kg~' K~' is the specific heat of dry air at
constant pressure, R, = 461 J kg=' K~ is the gas constant of water vapor, ¢* is the saturation specific humidity,
and T is the temperature. In Equations 3 and 4, A P; and A P_ denote the pressure thickness of the DBL and LFT
(150 and 250 hPa) respectively.
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Figure 2. (a) Seasonal cycle of daily mean Global Precipitation Measurement
(GPM) precipitation from 1 November to 31 March (blue lines) with 31-day

(b) Wet and dry cold surge days distribution by month
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B, is defined in terms of equivalent potential temperature (6,), which
is approximately conserved during moist adiabatic processes. Adames
et al. (2021) interpret B, as a measure of the buoyancy of an air parcel as it
rises to the top of the LFT layer, mixing with its environment. Therefore, B;
is a measure of convective instability of the lower troposphere that accounts
for the effects of mixing. There are two terms in Equation 1, each given a
weighting W, or W, . The first term is the “undilute B,”, which is a tradi-
tional measure of the convective instability of the lower troposphere (Adames
et al., 2021; Raymond et al., 2015). For this measure of convective instability,
the parcel is assumed not to mix as it passes through the LFT. Positive values
of undilute B, indicate unstable profiles with a high potential for convection,
provided air is lifted from the boundary layer (i.e., the DBL at 850 hPa) with-
out mixing with its environment. The second term is a function of the satura-
tion deficit of the LFT, and represents the reduction in buoyancy in a rising
plume as it entrains and is diluted by free-tropospheric air. The importance of
the second term is set by the weights Wy and W, , which describe the relative
mass inflow to the plume from the DBL and LFT. For the parameters used
here (taken from Adames et al., 2021), Wy = 0.59 and W, = 0.41.

As B increases from negative values toward zero, the precipitation increases
exponentially (see Figure 3 of Adames et al. (2021)). A critical value of
—0.02 m s~2 marks the beginning of a regime wherein the precipitation
increases linearly and rapidly with increasing values of B,. Although B, is
averaged between 15°N and 15°S in the Adames et al. (2021) study, here we
compute B, over the precipitation domain.

3. Climatologies of the Seasonal and Diurnal Cycles

3.1. Seasonal Cycle of Wet and Dry Cold Surges

There is a clear seasonal cycle in GPM precipitation, which is averaged over
the precipitation domain and during NDJFM. The 31-day centered moving
average precipitation peaks at approximately 11.5 mm d~! in the middle
of December, and is lowest at approximately 4.1 mm d~! in early March
(Figure 2a). Most wet surge days are also found in December and January (57
and 42 days respectively) while most dry surge days are found in January and
February (39 and 54 days respectively; Figure 2b).

In the 20-year period of the analysis, there are cold surges on approximately 18%
of days (545 surge days out of 3,025 days), yet cold surges contribute to approx-
imately 30% of total rainfall. The wet and moderate surges account for approxi-
mately 14.7% and 14.3% of the total rainfall contribution respectively, with less
than 1% from the dry surge days (Figure 2c). The higher contribution of rainfall
from cold surges relative to the fraction of cold surge days within the 20-year
period is consistent with the overall higher daily mean rainfall rate during cold
surge days (approximately 12.3 mm d~! for all surge days and 10.5 mm d~' for
moderate surges) than non-surge days (approximately 6.4 mm d~!; Figure 2d).
Thus, cold surges are associated with higher precipitation on average over the
precipitation domain, which is consistent with the cold surge air becoming
warmer and moister from surface heat and evaporative fluxes as it is advected
equatorward. Dry and wet surges also have a daily mean rainfall rate of approx-
imately 1.7 and 26.6 mm d~! respectively. When the seasonal cycle is removed,
there are individual days within the wet surge category that fall below the
climatological mean (20 out of 124 days) and vice versa for dry surges (7 out
of 114 days). This is expected since the precipitation quartiles for each surge
category are based on the mean precipitation of entire cold surges rather than
individual cold surge days.
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3.2. Diurnal Cycle of Plume Buoyancy and GPM Precipitation

There is an approximately exponential relationship between daily mean values of B, and GPM precipitation aver-
aged over the precipitation domain on individual days for non-surge days and each of the three surge categories
(Figure 3a). Most wet surge days (119 out of 124 days) exceed the —0.02 m s~ threshold for B, while most dry
surge days (94 out of 114 days) fall below the threshold. Overall, the cold surge days are closer to the threshold,
but this may be partly due to the smaller sample size (545 days) compared to non-surge days (2,480 days).

In terms of the diurnal cycle, both the hourly precipitation rate (Figure 3b) and B, (Figure 3c) over the precipitation
domain are highest in the wet surge composites, followed by the moderate, non-surge, and dry composites. In the
wet and moderate surge composites, GPM precipitation peaks at 1400 LST (approximately 1.31 and 0.509 mm hr~!
respectively) and the diurnal contrasts are more pronounced. The precipitation rates at 0500 LST for the wet and
moderate composites (approximately 1.17 and 0.505 mm hr~! respectively) are also well above the daily mean
values (approximately 1.11 and 0.44 mm hr~! respectively), unlike the non-surge and dry surge composites, which
is most likely because of offshore precipitation during the nocturnal hours. The precipitation rate peaks between
1400 LST and 1700 LST in the non-surge composites (approximately 0.33 mm hr~!), and at 1700 LST in the
dry surge composites (approximately 0.09 mm hr~!). On the other hand, minima in the diurnal cycle occur at
2300 LST for both the wet surge and non-surge composites (approximately 0.91 and 0.20 mm hr~! respectively),
between 2000 LST and 2300 LST in the dry surge composites (approximately 0.05 mm hr~'), and 2000 LST in the
moderate surge composites (approximately 0.31 mm hr~!). In contrast, there is a daytime peak of B, at 1400 LST
in all cases, and a greater peak at 0500 LST in the wet and moderate surge composites (approximately —0.022 and
—0.038 m s~2 respectively) since nocturnal convection occurs over the ocean in these cases. There are nocturnal
minima at 2000 LST for all categories but 2300 LST in the dry surge composites, and lower minima at 0800 LST
for the dry and moderate surge composites (approximately —0.074 and —0.044 m s~2 respectively).

These results show that the diurnal cycle of B, which is based on ERAS, is consistent with that of the GPM
precipitation anomalies. They suggest that the convective onset, and hence the diurnal precipitation patterns, are
controlled by B, . Moreover, most cold surges, particularly wet surges, are characterized by a moister free trop-
osphere than non-surge days over the precipitation domain, which reduces the effect of entrainment and allows
convection to penetrate through the lower troposphere. This implication will be further investigated in the lagged
composite analyzes of the cold surge synoptic structure in the next section.

4. Synoptic Structure and Development of Cold Surges
4.1. The Development of Cold Surges Over the Maritime Continent

In this section, we investigate the synoptic environments of each cold surge category using lagged composite
anomalies of TCWYV (Figure 4), and @ at 700 hPa (Figure 5). The horizontal wind anomaly vectors at 925 hPa
are also shown on each map to mark the development of the low-level surge winds, and w is plotted at 700 hPa
which is above the topography in the region. In Figure 4, contours of TCWV are drawn at 46, 48, and 50 mm.
According to Mapes et al. (2018), the 48 mm TCWYV contour encloses the region over the tropical ocean in which
convection is found.

In all three surge categories, the north-easterly wind anomalies are consistently strongest on day +1. The dry
surge composites are characterized by cross-equatorial flow that reaches equatorward to Java, with westerly
anomalies around Java. The wet surge composites feature a cyclonic circulation anomaly between Borneo and
the Malaysian Peninsula, which is the Borneo Vortex. The moderate surge composites (not shown) depict weaker
cross-equatorial flow and westerly anomalies over Java compared to the dry surge composites. Overall, the hori-
zontal wind patterns are consistent with the Yang et al. (2019) study (see their Figures 4 and 5).

Negative TCWYV anomalies from the cold surge extend to the equator in the dry surge composites (—1 to —5 mm),
transitioning to positive anomalies around Java (41 to +2 mm; Figures 4a and 4b). These negative anomalies
cover almost the entire precipitation domain and most of the South China Sea by day —1 and are statistically
significant over most of the region. The dry anomalies strengthen and peak under —7 mm to the northeast of
Taiwan on day +1 as the cold surge reaches its peak, while the strengthening cross-equatorial flow coincides
with the positive anomalies over Java. Areas of statistical significance cover the entire South China Sea and
most of the precipitation domain. Moreover, in close to half the precipitation domain the TCWYV falls below the
48 mm threshold, which is consistent with the lack of precipitation in this region. In the wet surge composites
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Figure 3. (a) Daily mean B; versus the natural log of daily mean Global Precipitation Measurement (GPM) precipitation
(where the precipitation is exponential in mm d~') over the precipitation domain in NDJFM 2000-2001 to 2019-2020. The
vertical black line is drawn at the —0.02 m s=2 boundary for B; . Diurnal cycle of mean (b) GPM precipitation rate and (c) B; .
Non-surge days (orange), and dry (red), moderate (green), and wet (blue) cold surges.
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Figure 4. Lagged composite maps of daily mean total column water vapor (TCWV) anomalies with the seasonal cycle
removed. Daily mean 925 hPa horizontal wind anomaly vectors. (a, b) Dry and (c, d) wet surges. The red (purple) hatching
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cyan contours of TCWYV are drawn at 46, 48, and 50 mm respectively. (e, f) Wet minus dry cold surges. Day —1 (left column)
and day +1 (right column) relative to surge onset. The precipitation domain is depicted by the blue box.
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(Figures 4c and 4d), widespread positive TCWV anomalies are already evident prior to surge onset (42 to
+4 mm) and absolute TCWV values are well above 48 mm over the entire precipitation domain. A meridional
TCWYV anomaly gradient is found on day +1, ranging from close to +5 mm over the equator to —7 mm over the
northern South China Sea. This sharp gradient is consistent with the convection near the equator in contrast to
drier surge air over the northern South China Sea. The moist anomalies are also statistically significant on both
day —1 and day +1 over the entire precipitation domain and its surroundings. Weaker TCWV anomalies are found
in the moderate surge composites (not shown) on day —1 over the precipitation domain and much of the South
China Sea (-3 to +1 mm). The TCWV still exceeds 48 mm over the precipitation domain although the threshold
to the north of the domain is located closer to the equator (around 6°N to 8°N) compared to the wet cases (around
8°N to 10°N). On day +1, the anomalies follow a similar pattern to that of the wet surge composites, although the
meridional moisture gradient is weaker, ranging from approximately +3 mm at the equator to —5 mm over the
northern South China Sea. The largest positive TCWV anomaly differences between the wet and dry composites
on day —1 (peaking over 7 mm; Figure 4e) generally cover the statistically significant regions in both the dry
and wet surges. Areas with the largest differences on day +1 (Figure 4f) are associated with the Borneo Vortex
between the Malaysian Peninsula and Borneo.

In each cold surge category, dry air from the surge is accompanied by positive @ anomalies at 700 hPa (i.e., stronger
descent or weaker ascent relative to climatology), particularly on day +1. Positive anomalies associated with the
surge over Southern China are most widespread in the dry surge composites (peaking close to +0.10 Pa s~!), and
weaker anomalies are observed over most of the South China Sea (+0.00 to +0.03 Pa s~!). These positive anom-
alies strengthen between day —1 (Figure 5a) and day +1 (Figure 5b), and negative anomalies strengthen over Java
(—0.01 to —0.06 Pa s~! over most parts). The positive anomalies on day +1 are statistically significant over most
of the South China Sea and parts of the Malaysian Peninsula, and are largely consistent with the negative TCWV
anomalies in Figure 4b. From day —1, areas of enhanced ascent are already evident over much of the equatorial
South China Sea in the wet surge composites (peaking under —0.10 Pa s~!; Figure 5c¢). Large areas of strongly
enhanced ascent that are statistically significant develop and strengthen by day +1 (under —0.10 Pa s~! over most
of the precipitation domain; Figure 5d). In the moderate surge composites (not shown), the 700 hPa @ anomalies
are relatively weak over the precipitation domain on day —1 (—0.04 to +0.04 Pa s~!). The anomaly patterns also
follow a similar structure to the wet surge composites on day +1, with enhanced ascent over the precipitation
domain (peaking close to —0.10 Pa s1). The largest differences between the wet and dry composites (Figures 5e
and 5f) are evident on day +1 (peaking well under —0.10 Pa s~!), which is also associated with the Borneo Vortex.

Cold surges over the northern South China Sea are characterized by below average moisture, and enhanced
descent. Dry surges are generally characterized by cross-equatorial flow, stronger descent or weaker ascent,
and negative TCW'V anomalies that reach the precipitation domain as consistent with lower values of B, (see
Figure 3c). Relatively moist air and enhanced ascent are also found over Java. On the other hand, the cyclonic
circulation anomaly, enhanced ascent over the precipitation domain, and the moist anomalies associated with a
strong meridional TCWV anomaly gradient are consistent with higher values of B, in the wet surges. The cyclonic
circulation anomaly in Figures 4f and 5f imply a strengthening of surge winds over the Malaysian Peninsula and
a weakening over Borneo. This vortex coincides with upward motion and is presumably associated with the
stretching of absolute vorticity. The anomalies on the south-eastern flank over Borneo oppose the north-easterly
surge flow and prevents cross-equatorial flow, which is a key difference between the wet and dry surge compos-
ites. These results are also consistent with the studies which concluded that the vortex is maintained by low-level
convergence associated with the convection (Chang et al., 2003; Cheang, 1977; Johnson & Houze, 1987; Koseki
etal., 2014). In the days prior to the onset of wet surges, moist anomalies are already present over most parts of the
South China Sea (Figures 4c and 4e; days before day —1 not shown). In contrast, dry anomalies spread from the
Philippines and its surroundings and strengthen over the South China Sea in the days prior to the dry surge onset
(Figure 4a; days before day —1 not shown), merging with the stronger dry anomalies from the surge by the onset.

4.2. Transect Analysis of Cold Surges

ERAS data are also averaged over 7 transects that are spaced at 0.25° along the South China Sea (see the “Transect
analysis region”, orange box in Figure 1). Nearest-neighbor interpolation is performed for each variable along
each transect at the same horizontal resolution. The north-easterly component of the along-transect wind anom-
alies at 925 hPa depict a rapid acceleration of negative anomalies toward the equator in cold surges from about
day —2 (Figure 6a). Wind anomalies peak under —5 m s~! on day +1 when the surge is strongest. Statistically
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Figure 6. Lagged composite plots of transect-averaged daily mean anomalies of 925 hPa (a) along-transect winds and (b) 6, from day —5 to day +5 relative to surge
onset with the seasonal cycle removed. The mean of all 132 cold surges is taken. The transects are averaged over the orange box in Figure 1. The hatching depicts
areas where the data is below the 5th percentile. The approximate location of the equator is marked by the vertical black line, and the transects are constructed from
south-west to north-east moving left to right. Along-transect winds are negative moving north-east to south-west. The green line indicates the approximate speed of the

north-easterly surge wind propagation.

significant regions (above the 95th percentile since the colourbar is flipped) are confined to the north of the
transect between day —4 and day —2, spread equatorward by day —1, and cross the equator from day O onwards.
The 6, anomalies at 925 hPa reflect both the temperature and moisture anomalies (Figure 6b). Overall, negative
anomalies of 6, at 925 hPa (i.e., cold and dry anomalies; peaking close to —10 K), associated with the Siberian
high outflow, are spread more slowly toward the equator (approximately 5 m s~!') compared to the propagation of
north-easterly winds (approximately 30 m s~!). The negative anomalies are statistically significant (under the 5th
percentile) from day —1. As the composite transect for each of the individual dry, moderate, and wet composites
are very similar, only a single composite of all 132 cold surges is shown here.

These results are consistent with the theoretical framework of H. Lim and Chang (1981), who described the
development of the surge as the leading edge of a wave packet; in the reanalysis the wind field adjusts quickly
and is consistent with the propagation of a wave whereas the airmass spreads more slowly through advection. The
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reanalysis is also qualitatively consistent with the Rossby adjustment problem on the beta plane investigated by
H. Lim and Chang (1981), where the establishment of the Rossby wave group from the Siberian high explains
the development of the north-easterly wind flow. Chang et al. (1983) take the theoretical framework of H. Lim
and Chang (1981) and show that cold surges develop in two distinct stages. The first stage is characterized by a
significant rise in surface pressure at the cold surge edge and gravity-wave type motions associated with equato-
rial propagation at about 40 m s~!. The second stage features a sharp decrease in surface dew point temperature
accompanied by a decrease in surface temperature that are associated with the passage of a cold front. Following
the two stages, the surface wind strengthens, often with a northerly acceleration (Chang et al., 1979, 1983). There-
fore, the equatorward propagation of the surge may be viewed as part of the transient motion of the pressure-wind
imbalance, resulting in the faster propagation speed of north-easterly winds relative to the slower advection
velocity of negative 925 hPa 6, anomalies in our cold surge composites.

The vertical structure of the 6, anomalies are compared for each cold surge category (Figure 7). The component of
wind along the transect and w are also plotted. w is exaggerated by a factor of 50. In all cases, descent and negative
6, anomalies deepen up to approximately 350 hPa, and strengthen between day —1 and day +1 (particularly within
the lower troposphere). The cold and dry anomalies are largest in the dry surge composites (peaking under —7 K;
Figures 7a and 7b) and are statistically significant over large areas. Toward the north-eastern end of the transect,
north-easterly winds extend from the surface to approximately 800 to 750 hPa before shifting to south-westerly aloft.

Areas of convergence and ascent at the lower levels (with divergence toward the upper troposphere) correspond
to positive low-level 6, anomalies and enhanced precipitation anomalies. Descent and negative ¢, anomalies
are associated with negative precipitation anomalies. Two regions of cold and dry anomalies are observed on
day —1 over most of the South China Sea in the dry surge composites (—1 to —6 K), which are consistent with
the TCWYV anomalies in Figure 4a. Warm and moist anomalies are observed in the wet surge composites up to
approximately 12°N (+1 to +2 K; Figure 7c). In both the dry and wet categories, the anomalies that are close to
the equator extend up to approximately 300 and 250 hPa, respectively. On day +1 of the wet composites, positive
0, anomalies become more widespread along the South China Sea and deepen, reaching close to 200 hPa (+1 to
+3 K; Figure 7d). The anomalies near the equator are statistically significant on both day —1 and day +1. The
precipitation anomalies are highest (peaking close to +50 mm d=!) just to the north of the equator where posi-
tive 6, anomalies and ascent are strongest. In the moderate surge composites (not shown), both the cold and dry
anomalies from the surge (up to —7 K at the northeastern end of the transect), and warm and moist anomalies
(+1 to +2 K) near the equator follow a similar pattern to that of the wet surge composites. From the difference
between the wet and dry composites (Figures 7e and 7f), positive differences in 6, anomalies (peaking close to
+7 K on day +1) are associated with stronger north-easterly winds and ascent particularly between 3,000 and
4,000 km along the transect (approximately 5°N and 12°N respectively) when compared to the dry surges. There
are weaker north-easterly winds just to the north of the equator, which is consistent with limited cross-equatorial
flow in the wet surges. Consistent with the TCWV anomalies in Figures 4c and 4e, much of the South China Sea
is characterized by a relatively warm and moist environment prior to the onset of the wet surges.

5. Cold Surges and the MJO

Having examined the local initiation of convection and development of rain through the lens of plume buoyancy,
and the synoptic-scale structure and development of the surges, we turn our attention now to the regional scale.
We begin with the normalized frequency of cold surge days in each phase of the MJO (including non-MJO days
where RMM < 1) relative to climatology for the three surge categories (Figures 8a—8c). There is a clear connection
between the phase of the MJO and the number of dry or wet surge days, although surges in each category are found
in all phases of the MJO. Dry surge days have normalized frequencies that peak at approximately 2.4 and 2.2 in
phases 6 and 7 respectively (Figure 8a), whereas wet surge days have peaks at approximately 2.7 and 2.6 in phases 2
and 3 respectively (Figure 8b). For moderate surge days (Figure 8c), the normalized frequency is lowest in phase 3
(approximately 0.3) and highest in phase 8 (approximately 1.6). In this category, the frequencies of the active phases
are relatively low whereas those of the suppressed phases are relatively high. In phases 5-8, the normalized frequen-
cies are all greater than 1. These findings agree with the studies by Chang et al. (2005) and S. Y. Lim et al. (2017)
who reported southwesterly anomalies over a large area of East Asia and the western Pacific during phases 2 and
3. According to S. Y. Lim et al. (2017), these anomalies are consistent with the Rossby wave response to the MJO
convection pattern, which partially oppose the north-easterly cold surge winds. There are relatively few non-MJO
days in both the dry and wet surges, the normalized frequencies being approximately 0.6 and 0.5 respectively.
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Lagged composites of the percentage frequency of MJO occurrence in a given phase are shown from day —30
to day +30 for each category to illustrate the relationship between cold surges and the MJO (Figures 8d-8f).
We only plot the high-amplitude phases of the MJO (where RMM > 1) since the results change little when the
low-amplitude phases are included, and the MJO signal is a little clearer when the low-amplitude phases are
excluded. Close to 25% of dry surge onsets are in phase 6 (Figure 8d), and by day +3, the peak frequency, which
is over 30%, is in phase 7. There is also a tendency for the moderate surges to begin in the suppressed phases,
with the peak in phase 5; they account for approximately 15% (Figure 8f). There is a later peak in phase 7, about
15-16 days after the onset, with close to 25% of days. For the wet surge composites, there is a peak of close to
30% in phase 3 of the MJO, 1 day after surge onset, with subsequent peaks in phase 4 on day +7, phase 5 on
days +13 to +14, phase 6 on day +18, and phase 7 on day +24 (Figure 8e). In all cases, the MJO phase in which
the peak frequency occurs progresses uniformly from west to east. These results show that the dry and moderate
surges occur predominantly in the suppressed phases as part of the eastward propagation of the MJO convective
envelope. On the other hand, the MJO in phases 2-3 already exists up to 12 days before the onset of wet surges
between 9% and 18% of the time, and the frequency increases by close to a factor of 2 after the onset. In other
words, between 18% and 30% of the time, the wet surges appear to trigger the MJO, and to signal the start of the
eastward propagation of the MJO convective envelope.

To better understand the relationship between the MJO and the category of cold surge, composites of daily mean
MSLP anomalies are made (Figure 9). We compare composites of the active (suppressed) phases of the MJO
(phases 2-3 and 5-7 respectively) for all surges to those for the wet (dry) surges. Another set of composites are
made for all other phases of the MJO (including non-MJO days) in both surge categories to expose the effect of
removing the dominant MJO signal. The magnitude of the horizontal gradient of the MSLP is also computed to
check if the synoptic-scale winds are in geostrophic equilibrium.

In all cases, the north-easterly wind anomalies defining the cold surge are consistently associated with positive
MSLP anomalies, which are strongest at the northernmost part of the region over inland Southern China (peaking
over +5.0 hPa in the dry surge composites). The spatial pattern of MSLP and 925 hPa horizontal wind anomalies
are almost identical in the dominant MJO phases when comparing the composites for all surge days to those
for the dry and wet surges (Figures 9a, 9b, 9d, and 9e), although the contrast between the suppressed and active
phases are slightly stronger when specifically comparing the dry and wet surges. Moreover, the surge winds
are almost perpendicular to the isobars and in the direction of the MSLP horizontal gradient, and are therefore
almost entirely ageostrophic. The gradient magnitude also decreases when moving equatorward along the South
China Sea, which is associated with the propagating surge winds. The +1.0 hPa MSLP anomaly contour further
north (see Figures 9d-9f) shows that the winds are closer to geostrophic equilibrium toward the northern South
China Sea.

In the dry surge composites (Figures 9b and 9c), the +1.0 hPa MSLP anomalies cross the equator and extend to
Java (as with the cross-equatorial wind flow), and approximately mark the leading edge of the surge. These circu-
lation patterns are characteristic of the “Both type” surges in Abdillah et al. (2021). There are widespread west-
erly anomalies over Java in phases 5—7 of the MJO and weak low-pressure anomalies (approximately —0.5 hPa)
to the south-east of the domain (Figure 9b). In these suppressed phases of the MJO (Figures 9a and 9b), the
0.15 hPa deg~! horizontal gradient contour coincides with the approximate location of the turning of the surge
winds that cross the equator. Widespread high-pressure anomalies are found outside the suppressed phases, with
no westerly anomalies over Java (Figure 9c).

On the other hand, the +1.0 hPa contour in the wet surge composites (Figures 9e and 9f) is confined to north
of 10°N, which is characteristic of the “South China Sea type” surge in Abdillah et al. (2021). Positive MSLP
anomalies extend further equatorward outside the active phases of the MJO and there are weak westerly anom-
alies over Java (Figure 9f). During the active phases of the MJO, there are weak low-pressure anomalies (—0.5
to —1.0 hPa) over most of the precipitation domain, Java, and the Indian Ocean, and there are easterly anomalies
over Java (Figure 9e). There is also a cyclonic circulation anomaly between the Malaysian Peninsula and Borneo

Figure 7. Lagged composite plots of transect-averaged daily mean ERAS 6, anomalies from 1,000 to 100 hPa (shading) and daily mean Global Precipitation
Measurement precipitation anomalies (blue lines) with the seasonal cycle removed. (a, b) Dry and (c, d) wet surges. The green (orange) hatching depicts areas where 6,
anomalies are under (above) the 5th (95th) percentile in the dry (wet) surges. (e, f) Wet minus dry cold surges. Day —1 (left column) and day +1 (right column) relative
to surge onset. Vectors depict the magnitudes of daily mean along-transect winds and . w is exaggerated by a factor of 50. The transects are averaged over the orange
box in Figure 1. The approximate location of the equator is marked by the vertical black line, and the transects are constructed from south-west to north-east moving left
to right.
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Figure 8. Left column: Normalized frequency for phases of the Madden-Julian Oscillation (MJO) (including non-MJO days where RMM < 1) relative to climatology
where the amplitude is greater than or equal to 1. The horizontal black line is drawn at a normalized frequency of 1.0, where the percentage occurrence of a particular
phase of the MJO is equal to that of the climatology. Right column: Lagged composite plots showing the percentage frequency of occurrence in a given phase of the

MJO for each day from day —30 to day +30 relative to surge onset. (a, d) Dry, (b, e) wet, and (c, f) moderate cold surges. A non-MJO day is defined where RMM < 1.
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(Figures 9d-9f). In both the active MJO phases and wet composites, the 0.15 hPa deg™' horizontal gradient
contour approximately denotes the leading edge of the surge.

The synoptic environment in which dry or wet surges form is closely related to the MJO phase, and we note that
the category of cold surge depends solely on the daily mean rainfall over the precipitation domain. Cold surges that
form in phases 5-7 (phases 2—-3) of the MJO have almost identical large-scale composite means, even if the surges
are not categorized as dry (wet). According to the normalized frequencies in Figure 8, most of these other surges
would fall into the moderate category. The pattern for dry surges outside phases 5—7 of the MJO is very similar in
the Northern Hemisphere but different to the south of the equator, which suggests that the surge only crosses the
equator and turns to westerly in the suppressed phases. The pattern for wet surges outside phases 2-3 of the MJO
are different close to the equator and into the Southern Hemisphere where low-pressure anomalies are absent,
and there are weak westerly anomalies over Java. In contrast to the cross-equatorial flow and westerlies in the
suppressed phases, there are easterlies over Java and limited cross-equatorial flow in the active phases. Finally,
the TCWV anomalies on day +1 in Figures 4b and 4d, which are consistent with the MSLP anomaly patterns,
also suggest that the flow crosses the equator when the environment is dry, but is opposed in moist conditions.

6. Connections to the Australian Summer Monsoon

We now analyze the MSLP and GPM precipitation anomalies over the Australian monsoon domain, and statis-
tical significance is shown for both under the 5th and above the 95th percentiles (Figure 10; see the green box in
Figure 1). Like Figure 9, similar structures in the MSLP, precipitation, and 925 hPa horizontal wind anomalies
are found when comparing the active and suppressed phases of the MJO for (a) all surges and (b) the wet and dry
categories (Figures 10a, 10b, 10d, 10e, 10g, 10h, 10j, and 10k). According to Wheeler and Hendon (2004), phases
5-7 (phases 2-3) are the active (suppressed) phases of the MJO over the northern Australian region. Outside of the
active and suppressed phases (Figures 10c, 10f, 10i, and 101), cold surges with strong tropical cyclones over northern
Australia that result in strong MSLP gradients are excluded due to their strong influence on the overall composites.

Westerly anomalies in phases 5-7 of the MJO and for the dry surge composites are associated with a signifi-
cant north-west to south-east pressure gradient between Java and northern Australia (Figures 10a and 10b). The
low-pressure anomalies peak at just under —1.0 hPa near the north-west coast of northern Australia, which is
probably associated with tropical cyclones and monsoon lows. In contrast, the composites in phases 2-3 of the
MJO and for wet surges depict a strong reversed pressure gradient associated with easterly anomalies, and with
widespread high-pressure anomalies exceeding +1.0 hPa over much of northern Australia (Figures 10d and 10e).
Outside these dominant phases, there are widespread and statistically significant high-pressure anomalies in
the dry surge composites exceeding +1.0 hPa over most of the domain associated with weak easterly anoma-
lies (Figure 10c). On the other hand, low-pressure anomalies (—0.1 to —0.9 hPa) and relatively weak westerly
anomalies are found over most of northern Australia in the wet surge composites, and statistically significant
low-pressure anomalies are confined to the south-eastern end of the domain (Figure 10f).

The GPM rainfall patterns also reflect the MJO patterns over the Australian monsoon domain. Statistically signif-
icant precipitation anomalies (exceeding +10 mm d~! in some areas) are most widespread in the active phases of
the MJO and for the dry surge composites (Figures 10g and 10h). Dry anomalies (—1 to —9 mm d~') are found
over much of northern Australia in the suppressed phases and for the wet surge composites, while the wet anom-
alies are confined to Java (Figures 10j and 10k). Outside the dominant phases, negative precipitation anomalies
(peaking close to —10 mm d~') lie over much of northern Australia in the dry surge composites, with positive
anomalies also confined to Java (Figure 10i). The precipitation structure here is similar to the composites in
Figures 10j and 10k, although the dry anomalies are less statistically significant and the easterly anomalies are
weaker. In contrast, patches of statistically significant wet anomalies are found outside the dominant phases of
the wet surge composites (Figure 101). The strongly enhanced precipitation anomalies here do not appear to be
associated with convectively active phases in the Australian summer monsoon, unlike the dry surge composites

Figure 9. Composite maps of daily mean mean sea-level pressure (MSLP) anomalies with the seasonal cycle removed. Daily mean 925 hPa horizontal wind anomaly
vectors. (a, d) Dominant phases of the Madden-Julian Oscillation for all cold surges, (b) dry and (e) wet surges. (c, f) All other phases including non-MJO days. The
precipitation domain is depicted by the blue box. The dashed magenta line shows the +1.0 hPa anomaly contour. The solid red and green contours show the absolute
MSLP horizontal gradient magnitude at approximately 0.15 and 0.30 hPa deg™!, respectively. The orange (green) hatching depicts areas where the MSLP anomalies are
above (under) the 95th (5th) percentile for high (low) pressure anomalies.
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Figure 10. Composite maps of daily mean mean sea-level pressure (MSLP) anomalies (left column) and daily mean Global Precipitation Measurement precipitation
anomalies (right column) with the seasonal cycle removed. Daily mean 925 hPa horizontal wind anomaly vectors. (a, d, g, j) Dominant phases of the Madden-Julian
Oscillation for all cold surges, (b, h) dry, and (e, k) wet surges. (c, f, i, 1) All other phases including non-MJO days. The Australian monsoon domain is depicted by

the green box, and pink contours denote coastlines. Cold surges that coincide with strong tropical cyclones over northern Australia outside the dominant phases are
removed. The green (navy) stippling depicts areas where MSLP anomalies are above (under) the 95th (5th) percentile for high (low) pressure anomalies. The red (navy)
hatching depicts areas where precipitation anomalies are under (above) the 5th (95th) percentile.
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560 (a) Zonal wind profiles in phases 5-7 of the MJO, since there are a lack of both cross-equatorial flow
and westerly anomalies over the region (see also Figure 9f).

From vertical profiles of the zonal winds (Figure 11a), the westerlies peak

400 around 900 hPa in all cases, but are strongest (close to 5 m s7!) in the dry

~ surge composites and weakest in the non-surge composites. In the dry and
E moderate composites, the westerlies extend to approximately 450 hPa, which
[ 5007 is close to the “deep westerly regime” profile in Pope et al. (2009), who inves-
f tigated the regimes of the wet season in northern Australia. In their study,
§ 600+ westerlies reach 350 hPa before transitioning to easterlies. On the other hand,
E 700 the wet surge and non-surge composites depict only shallow westerlies, from
the surface to approximately 800 hPa, and their zonal wind profiles are simi-

goo{ g‘r’;:ﬁr"gg:sdays lar. The meridional winds (Figure 11b) are generally weak (<1 m s~!) in all

900 — Moderate surges composites throughout most of the troposphere, although northerly winds

—— Wet surges (peaking close to —0.5 m s~!) are found from 1,000 to 900 hPa in the dry
1000 A RS 0 ! . surge composites, which are likely a result of cross-equatorial flow from cold
Wind speed (m s!) surges.
300 ib) Mevidionalwind profiles Our results suggest a clear relationship between the cold surge category, the
MIJO, and the westerlies over northern Australia that are sometimes associ-
ated with convectively active phases in the summer monsoon. These results
4004 are also consistent with most dry (wet) surges coinciding with phases 5-7
5 (phases 2-3) of the MJO. The strong link to the background MJO on the
E regional scale also explains why the majority of cases within the dry surge
3 500+ composites would be associated with westerlies and convectively active
% phases in the summer monsoon, and vice versa in the wet surge composites.
E 600+ According to Narsey et al. (2017), about one-third of the bursts in the Austral-
§ ian summer monsoon are associated with the MJO, whereas the more impor-
& 7007 tant influence on monsoon bursts is the equatorward extension of midlatitude

800+ weather systems. However, our study only addresses those monsoon bursts

associated with the MJO.
900 /
1000 T

-1.0 -0.5

Figure 11. Vertical profiles of (a) zonal and (b) meridional winds from 1,000
to 300 hPa averaged over the Australian monsoon domain. Non-surge days
(orange), and dry (red), moderate (green), and wet (blue) cold surges.

Wind speed (m s 1)

1 T
9.8 0.3 =0 7. Conclusions

In this study, we have reported the synoptic structure and development of
dry, moderate, and wet cold surges over the Maritime Continent region over
20 November—March seasons. The category of cold surge solely depends on
the daily mean rainfall over the precipitation domain. The study has included
an investigation of both the seasonal and diurnal cycles, where the seasonal
cycle has been removed for all anomaly calculations. We have also examined the relationship between the MJO
and cold surges and the Australian summer monsoon.

The plume buoyancy (B,), introduced by Adames et al. (2021), was used to identify the local environmental
differences responsible for the differences in the convection, and hence rainfall in the three categories. Following
Adames et al. (2021), the precipitation increases exponentially as B, increases toward zero. For most wet surge
days, B, exceeds —0.02 m s~2, which is the boundary between a linear and exponential increase in precipitation
according to Adames et al. (2021). Most dry surge days do not exceed the threshold. The diurnal cycle of B, is
also consistent with that of the GPM precipitation anomalies. These results suggest that the convective onset, and
hence the diurnal precipitation patterns, are controlled by B, . Moreover, the wet surges in particular are character-
ized by a moister free troposphere than non-surge days over the South China Sea because this reduces the effect
of entrainment and allows convection to penetrate deeper.

On the synoptic scale, cold surges over the northern South China Sea are characterized by positive MSLP and
negative TCWV anomalies, and enhanced descent or weaker ascent as the 700 hPa @ anomalies are negative. In
all cases, the surge winds are almost entirely ageostrophic. For the dry surge composites, these characteristics are
also found over the precipitation domain, with enhanced ascent and moist air over Java. Additionally, in close to
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half the precipitation domain the absolute TCWV falls below the 48 mm threshold, marking a well-defined moist
regime in the tropics as defined by Mapes et al. (2018). In the wet surge composites, the +1.0 hPa contour is
confined to north of 10°N, and there is strongly enhanced ascent and low-pressure anomalies over the equatorial
South China Sea. There is also a meridional TCWV anomaly gradient that is characterized by dry anomalies
over the northern South China Sea and moist anomalies over the equator. A moist synoptic environment is
already present over most parts of the South China Sea in the days prior to the wet surge onset. In contrast, dry
anomalies spread from the Philippines and its surroundings and strengthen over the South China Sea in the days
prior to the dry surge onset, merging with the stronger dry surge anomalies by the onset. The cyclonic circulation
anomaly near Borneo, particularly evident in the difference between the wet and dry composites, coincides with
upward motion. The wind field associated with this vortex opposes the surge north-easterlies and hence any
cross-equatorial flow. The vortex also produces a strengthening of surge winds over the Malaysian Peninsula and
a weakening over Borneo in the wet surges.

The development and southward propagation of the surge is qualitatively consistent with geostrophic adjustment
on the beta plane as first described by H. Lim and Chang (1981). We find that the north-easterly wind anomalies
propagate rapidly along the South China Sea equatorward (consistent with the propagation of a wave), whereas
the negative anomalies of 6, at 925 hPa (i.e., colder and drier air) spread more slowly as consistent with advection.
In the vertical, descent with cold and dry anomalies deepen and strengthen between day —1 and day +1, and are
strongest and most widespread in the dry surge composites. Warm and moist anomalies are most widespread near
the equator on day +1 in the wet surge composites. The corresponding precipitation anomalies just to the north
of the equator peak at approximately +50 mm d~!. The wet surge composites are also associated with stronger
north-easterly winds and ascent between approximately 5°N and 12°N, and weaker north-easterly winds just to
the north of the equator compared to the dry composites, which is consistent with limited cross-equatorial flow.

The regional-scale effects on the development of wet and dry surges has also been investigated. We find that the
circulation patterns of wet (dry) surges are characteristic of the “South China Sea type” (“Both type”) surges in
Abdillah et al. (2021). The synoptic environment in which wet or dry surges form is closely related to the MJO
phase. There is a higher frequency of active (suppressed) phases (phases 5—7 and 2-3 respectively) of the MJO
associated with the onset of wet (moderate and dry) surges. Dry and moderate surges occur predominantly in the
suppressed phases as part of the eastward propagation of the MJO convective envelope, while wet surges some-
times appear to trigger the MJO, and often signal the start of the eastward propagation of the MJO. Cold surges
that form in the suppressed (active) phases have almost identical large-scale composite means, even if the surges
are not categorized as dry (wet). Outside these phases, the patterns differ particularly to the south of the equator,
which suggests that only in the suppressed (active) phases are cold surges characterized by cross-equatorial flow
and westerlies (limited cross-equatorial flow and easterlies) over Java.

Westerly anomalies in the dry surge composites and phases 57 of the MJO coincide with high-pressure anoma-
lies over Java while low-pressure anomalies lie over northern Australia. This low-pressure anomaly is generally
accompanied by westerly anomalies and increased precipitation, which together can be interpreted as a more
active Australian monsoon. Nonetheless, this burst in the monsoon should not be attributed solely to the dry
surge as it is inextricably tied to the MJO. The lack of cross-equatorial flow and westerlies outside phases 5-7
of the MJO coincide with widespread high-pressure anomalies extending to Java and northern Australia. In
phases 2-3 of the MJO and the wet surge composites, low-pressure anomalies are found over Java while strong
high-pressure anomalies are found over northern Australia. This configuration leads to a relatively inactive phase
(commonly called a break) in the Australian monsoon.

Data Availability Statement

All data used in this manuscript are publicly available. The ERAS datasets are publicly available at https://
cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview (Hersbach et al., 2023)
(single levels) and https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5S-pressure-levels?tab=over-
view (pressure levels). The National Computational Infrastructure (NCI) supercomputer (NCI, 2021; https://
nci.org.au/) was remotely accessed to analyze the ERAS datasets from the rt52 workspace. The GPM data may
be obtained from https://doi.org/10.5067/GPM/IMERGDF/DAY/06 for daily data (Huffman et al., 2019a) and
https://doi.org/10.5067/GPM/IMERG/3B-HH/06 for half-hourly data (Huffman et al., 2019b). Daily MJO data
are available from the Australian Bureau of Meteorology (2023) at http://www.bom.gov.au/climate/mjo/.
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