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Abstract. The impact of global ENSO on the regional mon-
soon onset over the Maritime Continent is examined, us-
ing satellite-derived scatterometer surface winds over the sea
channel from the South China Sea, through the Karimata
Strait into the Java Sea. An index of monsoon onset, frac-
sign, is defined based on a positive dot-product between the
monthly wind at each gridpoint and the “basis-wind” or cli-
matological wind at the peak of the relevant monsoon season.

Rather than being delayed throughout the Maritime Con-
tinent during El Nifio years, the monsoon is seen to arrive
faster at and remain longer over the western Maritime Con-
tinent, and therefore delayed for the eastern Maritime Conti-
nent. The wind-based diagnostic can be further decomposed
into two components that reflect the monsoon wind strength
and the location of the wind convergence zone, respectively.
During El Nifio years, the monsoon strength post-onset is
weaker than normal over the eastern maritime continent.
However, there is no ENSO-related differentiation in mon-
soon strength post-onset over the western Maritime Conti-
nent.

1 Introduction

An important regional process in the context of global ENSO
is its impact on monsoon onset over the Maritime Conti-
nent (see Chang et al. (2004) and Robertson et al. (2011)
for comprehensive reviews of the Maritime Continent mon-
soon). Weather forecasters in the Maritime Continent coun-
tries of Malaysia, Indonesia and Singapore base their daily
forecasts and weekly outlooks on the seasonal progression
of the monsoon wind systems: the northwest and southeast
monsoons south of the equator; and their equivalents north
of the equator (southwest and northeast monsoons). This pa-

per addresses the onset of the monsoon during the seasonal
transition from northern summer to southern summer, utilis-
ing the sea state scatterometer winds to develop a means of
monitoring this transition.

By definition, the monsoon wind systems have a reversal
in direction from summer to winter. In this paper a monsoon
onset index, fracsign, is defined in terms of the transition of
the surface winds to with 90° of the peak direction. It will be
shown the progression through the South China Sea (north
of the equator) and into the Java Sea (south of the equator)
has a different character in El Nifio years to that in La Nifia
years.

Since the colonial era it has been known that over the
Maritime Continent El Nifio is associated with dry condi-
tions (see Nicholls (1981) for a review of the historical lit-
erature). Years corresponding to large-scale high pressure
over Indonesia (now known as El Nifio years) are associated
with much drier than normal dry seasons, and a late arrival
of the austral summer (or boreal winter) wet season in In-
donesia (e.g. Braak, 1919; Reesinck, 1952; Hamada, 2002).
However, over the western side of the Maritime Continent
ENSO has a weak influence on boreal winter precipitation
(Aldrian and Susanto, 2003; Chang et al., 2004). As shown
by McBride et al. (2003), Chang et al. (2003) and Tangang
and Juneng (2004) there is a strong regional structure in the
response of rainfall to ENSO at this time of year, with ge-
ographically near regions showing opposite sign of the re-
sponse.

Such regional differences have been attributed to vari-
ous physical mechanisms, including change in sign of wind
feedback on surface fluxes proposed by Nicholls (1981) and
Hendon (2003); similar mechanisms but through cloud ra-
diation feedback (Hackert and Hastenrath, 1986); stronger
and weaker amplitudes of an ENSO-associated “boomerang”
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SSTA over winter and summer hemispheres, resulting in
stronger and weaker ENSO influence respectively (McBride
et al.,, 2003); SSTA driving a cyclonic anomaly over the
South China Sea, creating moisture convergence or diver-
gence over regions of high or low ENSO-influence respec-
tively (Tangang and Juneng, 2004; Juneng and Tangang,
2005). Sumatra terrain may isolate the western Maritime
Continent from Indian Ocean’s ENSO-associated influence
while the Pacific-side influences are relatively distant (Chang
et al., 2003). Furthermore, the change in the strength and sign
of the ENSO-rainfall relationship is tied to different multi-
scale dynamical processes operating before and after mon-
soon onset (Moron et al., 2009; Qian et al., 2010).

The onset of the boreal winter monsoon is gradual as mon-
soon convection travels along the Maritime Continent land
bridge during the months of September to February (Lau and
Chan, 1983; Tanaka, 1994). Seasonal precipitation follows
in general, but the characteristics of the annual cycle at dif-
ferent locations in the Maritime Continent can be strongly
affected by orography, so the wet season over certain regions
can be during boreal spring, fall, summer, or even multiple
seasons (Chang et al., 2005). This creates some difficulty in
determining the status of the monsoon over the western Mar-
itime Continent based on precipitation alone (e.g. Wang and
LinHo, 2002).

Another meteorological variable commonly used to calcu-
late monsoon indices is wind (e.g. Troup, 1961; Drosdowsky,
1996; Lu and Chan, 1999; Li and Zeng, 2002; Webster and
Yang, 1992; Nguyen et al., 2014). In this study, a wind-based
diagnostic for onset is defined and used to document the pro-
gression of the monsoon through the western Maritime Con-
tinent, as differentiated by ENSO phases. The study focuses
on describing the monsoon progression over the sea regions
of the western Maritime Continent and particularly the South
China Sea, to utilise the sea state scatterometer data set, and
to complement the results of previous studies.

2 Data and Methodology
2.1 Data source for wind and ENSO phase

Sea-state-scatterometer surface wind was taken from the
Cross-Calibrated Multi-Platform (CCMP) Ocean Surface
Wind Vector Analyses (Atlas et al., 2011). The period cov-
ered by the data is 1988 to 2011. The scatterometer wind
is not available over land and shallow seas. Over sea re-
gions, the results in this manuscript have compared well with
that results from the 10 m wind from the European Centre
for Medium-range Weather Forecasts (ECMWF) Interim Re-
analysis (not shown). However, only the scatterometer re-
sults are shown in this manuscript so that the plots are as
observationally-based as possible. This is particularly be-
cause of the archipelagic nature of the western Maritime
Continent, which may see resolution-caused inaccuracies in
the reanalysis winds.
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ENSO phase was determined using the Oceanic Nifio In-
dex (ONI) from the Climate Prediction Center of the United
States National Oceanic and Atmospheric Administration
(CPC/NOAA). A year was selected to be an El Nifio year
when the ONI was greater than 0.5 from September to Febru-
ary of the following year. Since the study aims to track wind
convergence throughout the October—February period, the
thresholds were applied from September, to ensure Nifio con-
ditions were already established by October. Similarly, the
year was selected to be Nifia for ONI less than —0.5.

2.2 Definition of the “fracsign”

The gradual spatial onset of the boreal winter monsoon, as
well as its temporal variability of active and break periods
make it difficult to determine the exact onset date at any given
location. This study only determines how far the monsoon
has progressed in the monthly mean. The “fracsign” at any
location is defined as:

u-u
FS= 0

ey

up-uo

The symbol u denotes to the monthly mean wind, while ug
denotes the basis wind of the monsoon season. Monsoon on-
set is defined to have occurred — in the monthly mean sense
— when the fracsign changes from negative to positive value,
i.e. the monthly mean wind direction has rotated to within
90° of the basis wind direction. The basis wind is intended
to be the wind during the peak of the monsoon, represent-
ing the direction and strength of the wind when the mon-
soon has been fully established (see details next paragraph).
Therefore, the dot product of the monthly mean wind with
the basis wind, or the projection of the monthly mean wind
onto the basis wind, represents the strength of the monthly
mean wind in the “correct” monsoon direction.

A feature of fracsign as a monsoon index is that the defi-
nition varies from gridpoint to gridpoint across the domain,
depending on the direction and magnitude of the basis wind
at each gridpoint. Thus it is designed to take into account the
spatial structure of the monsoon wind system.

The basis wind of a monsoon season is defined here as the
climatological mean wind of the month with the maximum
magnitude in that season (Fig. 1). Annual cycles of wind
magnitude over the Asian monsoon region provide a natu-
ral partition of the year into two periods of October—March
and April-September, corresponding to winter and summer
monsoons inclusive of adjoining inter-monsoon months. The
transition from one monsoon season to the other is accompa-
nied by a change in wind direction, with wind coming more
frequently from one direction than the opposite or nearly op-
posite direction. As the peak of monsoon season approaches,
the wind direction becomes more consistent and the magni-
tude of the mean wind increases to a maximum. In locations
where there is only one maximum magnitude in the annual
cycle of the climatological mean wind, the wind six months
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Figure 1. Basis wind for fracsign calculation. Dotted contours show
the wind magnitude while arrows indicate direction. Colours show
the month when the maximum wind magnitude occurs.

away from the month of that single maximum is used as the
basis wind of the other season.

2.3 Decomposition of fracsign

The fracsign can be written as

Fracsi | . .
racsign = F§S = — (u . uo) 2)
|uo

with F = % and S = (ft . fto), where & and @ are unit vec-
tors in the direction of u and ug respectively. Thus, the frac-
sign is product of the monthly mean wind speed as a frac-
tion of the basis wind speed (F'), and the projection of the
monthly mean wind direction onto the direction of the basis
wind (S). F then represents the monthly mean wind mag-
nitude compared to the expected monsoon wind magnitude,
regardless of direction. S contains the directional informa-
tion, representing how well-aligned the monthly mean wind
is with the expected monsoon wind direction

2.4 Composites

Composites of La Nifia, phase-neutral and El Nifio years
were created by averaging positive values of fracsign over
La Nifia, phase-neutral and EI Nifio years. Thus, regions with
values of zero are pre-onset regions in all years. Regions with
values increasing to one in the composite have experienced
onset in an increasing number of years. If negative values
were included in the average, it would more difficult to de-
termine pre-onset regions since addition of positive and neg-
ative values could result in a range of positive and negative
values.
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Figure 2. The paths along which cross-sections were taken.

2.5 Cross-sections

Cross-sectional values of fracsign FS, F and § were taken
along the sections A to C as shown in Fig. 2. At each point
of the path, the mean was taken of surrounding values of up
to 2°, i.e. of the surrounding 8 grids. The averaging provides
a representative value of the diagnostic along the path but in-
cludes values to still lie within the sea channel, since coastal
values may suffer from retrieval inaccuracies caused by shal-
low water. For paths A and B, values were plotted by latitude.
For path C, values were plotted by longitude.

To check whether the Nifio and Nifia populations were sig-
nificantly separated, averages of the three diagnostics were
taken for each year along latitudes 12-6° N (Section A),
latitudes 3° N-3° S (Section B), and longitudes 108-114°E
(Section C). A one-tail ¢ test was performed at significance
level 5 % with the null hypothesis of no difference between
the population mean of Nifio and Nifia years. Note that a sta-
tistically significant difference may still be a small difference
and not too meaningful (e.g. Fig. 8e), thus readers are ad-
vised to take into account the actual values of the diagnostics
as well. However, finding a significant difference with such
small samples means the populations are well separated, as
can be seen by eye on the relevant figures.

3 Results

Using the definitions described in Sect. 2.1, the data period
of 1988-2011 was divided into seven El Nifio years, nine La
Nifia years, and seven phase-neutral years. The El Nifio years
consist of years 1991, 1994, 1997, 2002, 2004, 2006 and
2009. The La Nifia years consist of 1988, 1995, 1998, 1999,
2000, 2005, 2007, 2008, 2010. The years 1989, 1990, 1992,
1993, 1996, 2001, 2003 were considered phased-neutral.
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Figure 3. Composites of fracsign calculated from monthly mean
wind. (a—c) For the month of October, for (a) phase-neuTral years,
(b) La Nifia years, and (c) El NiflO years. Shades show the com-
posited value of fracsign, while arrows show streamlines for wind
direction (d—f) as above but for November. (g-i) as above but for
December.

Returning to Fig. 1, It is seen by inspection that the peak
of the monsoon current occurs in the North-easterlies dur-
ing December across the northern section of the South China
Sea. In the western and southern sections, the wind magni-
tude also peaks during the boreal winter (northeast) mon-
soon, but occurs in January. South of the Equator, the peak
flow occurs during the austral summer (northwest) monsoon,
in the month of February.

3.1 Composites

Monsoon progression over the South China Sea and west-
ern Maritime Continent differs between El Nifio and La Nifia
years. This is seen in Figs. 3 and 4, where white and the light-
est green shade represent regions before and just at monsoon
onset, respectively. Note that coastal areas are always white
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Figure 4. Like Fig. 3 but for (a—c) January, and (d-f) February.

as the study is based on satellite-remotely-sensed ocean sur-
face wind data. In October, the monsoon has advanced fur-
ther south during El Nifio years than during La Nifia years
(Fig. 3c vs. b). However, the situation is reversed by Decem-
ber, with the monsoon during La Nifia years leading that dur-
ing El Nifio years (Fig. 3h vs. 1).

Running 3-pentad composites through the months of Octo-
ber and November show the transition between Nifio-forward
and Nifia-forward (Fig. 5). Geometrically, surface conver-
gence occurs at the head of the region of low values of
fracsign in the panels. During El Nifio years, the initial
southward progression of the monsoon is faster than usual
over the South China Sea, but surface wind convergence
remains over the equator for a month (Fig. 5q—x). During
La Nifia years, wind convergence quickly crosses or even
skips over the equator (Fig. 5i—p). In contrast to the phase-
extreme years, during phase-neutral years the northerly mon-
soon winds gradually move through the South China Sea and
the sea passage into Indonesia (Fig. 5a-h).

By February, the monsoon is established over the Maritime
Continent domain (Fig. 4). During El Nifio years, monsoon
winds are indeed weaker than usual south of the equator, but
this is not the case north of the equator (Fig. 4f vs. d). Con-
versely, during La Nifia years, monsoon winds are weaker
north of the equator and stronger south of the equator
(Fig. 4e vs. d). Monsoon winds from the South China Sea
turn from easterly to westerly as they cross the equator, while
ENSO equatorial wind anomalies remain unidirectional for
any particular phase, thus strengthening or hindering the
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Figure 5. Like Fig. 3, but calculated from running 3-pentad mean wind, during October and November. The label indicates the central pentad.

(a=h) phase-neutral years, (i-p) La Nifia years, (q—x) El Nifio years.

turning monsoon winds. However, this does not explain the
lingering of the convergence zone at the equator during El
Niflo years; if it were purely a matter of summing up grad-
ually changing prevailing winds such as in the phase-neutral
situation with ENSO-induced wind anomalies, the move-
ment would be gradual.

3.2 Cross-sections

To see the distribution of fracsign for individual ENSO years,
cross-sections were taken along paths A, B and C which
cover the South China Sea, the Karimata Straits and the Java
Sea respectively (Figs. 6-8). The thin grey, blue and red lines
are cross-sections for phase-neutral, La Nifia and El Nifio
years, respectively. Thick black, blue and red lines plot the
mean values. The thin grey lines for phase-neutral years were
de-emphasized on purpose so as not to clutter up the fracsign
distribution of La Nifia and El Nifio years. Red and blue as-
terisks next to the path labels indicate cases where the popu-
lation means are significantly different according to the one-
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sided ¢ test. Blue (red) is for the case where the La Niiia (El
Nifio) mean is greater.

During October and November, the El Nifio fracsign pop-
ulation is largely separated from the La Nifia population in
regions where the monsoon has reached (Fig. 6a and b). Note
that the extents along the paths where values lie above zero
reflect the progression of the monsoon. The Nifio-forward
situation during October is seen from how the red mean line
has extended into path B, whereas the black and blue mean
lines have not. This is largely due to the effect of a few strong
El Nifio years. The Nifia-forward situation during November
is seen from how the blue mean line has extended into path
C. This effect is more consistent in that most La Nifia years
show this behaviour, while only one El Nifio year crossed
into path C and did not pass 108° E. Over the South China
Sea, fracsign remains higher during El Nifio compared to
during La Nifa years.

In December, the monsoon has penetrated to the end of
path C for all ENSO phases (Fig. 6¢). There is no clear dif-
ferentiation by phase over the path A (South China Sea), but
El Nifio and La Nifia populations are separate over path C,

Adv. Geosci., 42, 51-60, 2016
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Figure 6. Fracsign calculated along the paths shown in Fig. 2 for (a—e) October to February. Values along path A and B are plotted against
latitude (° N), while values along path C are plotted against longitude (° E). Thin grey, blue and red lines show values for individual phase-
neutral, La Nifia and El Nifio years. Thick black, blue and red lines show mean values for the three phases. Red or blue asterisks next to the
path label indicate whether the Nifio or Nifia values were significantly greater than the other (see Sect. 2.5), grey asterisks indicate testing
was not done while no asterisks indicate the null hypothesis was not rejected.

with fracsign being much lower in El Nifio years. As with
December, during January and February there is no differ-
entiation by phase over path A, as well as over the northern
hemispheric section of path B (Fig. 6d and e). Over path C,
the separation weakens in January but reappears in February.

While it will be informative and important whether the re-
sults differed for Modoki or central Pacific El Nifio events
(e.g. Ashok et al., 2007; Kao and Yu, 2009), such a detailed
analysis will be beyond the scope of the current study. How-
ever, based on the El Nifio Modoki Index (EMI) proposed by
Ashok et al. (2007) as a Modoki measure, two of the events
here (1997, 2006) were very clear eastern Pacific or canon-
ical events. By visual inspection values of fracsign do not
show obvious differences for these years from the other El
Niflo events. Due to the size of the samples, it is inconclu-
sive whether there are any differences in fracsign between
different subsets of Nifio events.

The differences in fracsign F'S can be attributed to F' (frac)
reflecting monsoon wind magnitude, or S (sign) reflecting
wind direction, respectively. During October, F not strongly
phase-differentiated over the South China Sea, except for
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one unusual El Nifo year (Fig. 7a, path A). The stronger
reason for phase-differentiation in fracsign is S, which indi-
cates how far along the paths that winds have aligned them-
selves with the direction of the monsoon basis wind. In con-
trast, during January and February, S is almost 1 along the
three paths, indicating the establishment of monsoon winds
in the direction of the basis winds (Fig. 8d and e). Phase-
differentiation is due to differences in F, and populations are
only clearly separated along Path C and along the southern
hemisphere of path B (Fig. 7d and e).

4 Conclusions

As documented in many studies (Nicholls, 1981; Haylock
and McBride, 2001 and others referenced in Sect. 1), El Nifio
is generally associated with dry conditions over the Maritime
Continent. Thus, the observed early onset in the South China
Sea during El Nifio years seems counter-intuitive. This odd-
ity has also been previously noted by Reid et al. (2012) (see
item #3 in their Summary and Conclusions).
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Figure 7. Like Fig. 6 but for the “frac” component, which reflects monsoon wind strength.

The boreal winter monsoon wind is constrained by re-
gional mountain ranges to turn from easterly to westerly
as it passes the equator, while ENSO-induced equatorial
wind anomalies are unidirectional. In this sense the above-
described phenomenon could be considered a regional mon-
soon peculiarity. At the same time, wind turning is inherent
in meridional flow, thus without sufficient frictional torque
the strong cross-equatorial monsoon flow would arguably not
even exist. In this sense, such hemispheric differences could
be considered inherent in monsoons. It would be interesting
to see whether such behaviour is typical for other monsoonal
regions, particularly the lingering of the convergence zone at
the equator.

Finally, while the ENSO phase-differentiation in boreal
winter monsoon progression is quite apparent, the authors
have found that phase-differentiation of the quantity of mean
monsoon precipitation over the western Maritime Continent
is not obvious. Thus usual drought prediction during El Nifio
years does not extend to this region and season, although it
has been previously noted that El Nifio-associated drought
effects is seen in boreal summer rainfall (e.g. Kirono et
al., 1999). That ENSO phase-differentiation of boreal winter
monsoon precipitation is weak over the region is reflected in
the difficulty that some forecast models have in replicating
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observed ENSO rainfall teleconnections there (e.g. Aldrian
et al., 2003). Diagnostics based on other meteorological vari-
ables, such as this wind-based onset diagnostic, may be use-
ful in tracing the source of this uneven model performance
when phase differentiation is not seen in rainfall.

It has been noted that the influence of ENSO on the bo-
real winter precipitation is likely through its modulation on
phenomena such as the Madden Julian Oscillation (Wheeler
and McBride, 2011), equatorially-trapped waves (Wheeler
and McBride, 2011), cold surges (Zhang et al., 1997; Chen,
2004) and their associated vortices (Koseki et al., 2013;
Chen et al., 2015), the diurnal cycle (Qian et al., 2010), or
active-break cycles (Moron et al., 2015). Thus, the ENSO-
influenced movement of the convergence zone during the
monsoon onset period may only indirectly influence west-
ern Maritime Continent precipitation through weather-scale
events (e.g. Chen et al., 2015). In addition, the western Mar-
itime Continent is located at the region of strongest interan-
nual variability in Indian Ocean sea surface temperature, as-
sociated with the eastern branch of the Indian Ocean Dipole
10D (Saji et al., 1999). Thus influences from both the Pacific
and Indian Oceans may be important in the monsoon transi-
tion of the convergence zone (e.g. Tangang et al., 2008).
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Figure 8. Like Fig. 6 but for the “sign” component, which reflects monsoon wind direction.

As a final comment, we summarise that this paper has pre-
sented two new findings:

a. it defined fracsign as an index of the presence of the
monsoon circulation that peaks in the Austral summer.
It showed that, based on this index the monsoon on-
set can be traced as occurring progressively through the
South China Sea, the Karimata Straits and the Java Sea
from October through February.

b. Using the concept that the region between pre-monsoon
and established monsoon is a region of monsoon con-
vergence, monsoon convergence was found to arrive
at the western Maritime Continent earlier, and remain
there longer, during El Nifio compared to La Nifia years.
During El Nifio, convergence remained near the equator
for over a month before crossing into the southern hemi-
sphere. During El Nifio years, monsoon wind strength
is stronger and weaker than usual in the sea channel 10°
north and south of the equator, respectively, while the
opposite is true for La Nifa years. A remarkable aspect
of this analysis is the very clear separation between the
two families of events (El Nifio, La Nifa) over certain
parts of the domain. This can be seen in the early season
in the South China Sea in October—November (section
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A in Fig. 6) and in the Java Sea in February (Section C
in Fig. 6).

5 Data availability

Cross-Calibrated Multi-Platform ocean surface wind
is publicly available from the United States Na-
tional Aeronautics and Space Administration (https:
/Ipodaac.jpl.nasa.gov/Cross-Calibrated_Multi-Platform_
OceanSurfaceWind VectorAnalyses). The Oceanic
Nifio Index 1is publicly available from the United
States National Oceanic and Atmospheric Administra-
tion (http://www.cpc.ncep.noaa.gov/products/analysis_
monitoring/ensostuff/ensoyears.shtml).
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