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Abstract

The austral summer monsoon onset and post-onset rainfall and their associated low-level winds
are analyzed during the August-February season over Indonesia from 1979 to 2006 using surface
and satellite products as well as reanalyses and regional climate model simulations. Onset date is
defined using a local agronomic definition. Its leading empirical orthogonal function is found to
exhibit a regional-scale spatially-coherent signal across “monsoonal” Indonesia, i.e. mostly south
of the Equator, with an asymmetric temporal behavior, such that delayed onsets are more intense
than early ones. Associated anomalies in rainfall tend to weaken quickly after mid-to-late
November or early December, especially over islands, while they tend to persist over ocean. This
weakening is shown to be associated with the evolution of distinct weather types revealed by a k-
means cluster analysis. In particular, late onsets—usually related to warm El Nifio Southern
Oscillation (ENSO) events—are found to be accompanied by an increased prevalence of a
weather type characterized by weak low-level daily-averaged winds across monsoonal Indonesia
and increased (decreased) rainfall over most of the island orography and southern and western
coasts (seas). The regional model simulations provide evidence that this land-sea rainfall contrast

could be associated with an enhanced diurnal sea-land breeze circulation.



1. Introduction

Indonesia experiences a marked seasonal cycle in precipitation characteristic of a monsoon
climate, especially near and south of the equator with the principal rainy season centered on
December—February (DJF), and the dry season peaking in July-August (Aldrian and Susanto
2003; Giannini et al. 2007). The main rainy season is associated with the Australasian monsoon,
i.e. the large-scale shift of the Inter-Tropical Convergence Zone (ITCZ) to the southern
hemisphere with a northwesterly monsoon flow at low levels south of the equator (i.e. Chang et al
2004 2005; Wheeler and McBride 2005). The islands close to or north of the equator (such as
Sumatra, Borneo and Sulawesi) have a less pronounced seasonal cycle with a decrease of rainfall
rather than a real dry season around June—August (i.e. Aldrian and Susanto 2003; Aldrian et al
2005 2007). This regional-scale (i.e. corresponding roughly to the whole of Indonesia) nature of
the monsoon is complicated at local-scale scales due to the complex island topography, warm
waters (usually above 27°C), pronounced diurnal sea- and mountain-breeze circulations, and their
interaction with eastward-propagating intraseasonal oscillations (i.e. Sakurai et al 2005;
Shibagaki et al 2006; Kodama et al 2006), that produce large local-scale rainfall contrasts on
distances less than 50-100 km (i.e. Hadi et al 2002; Wu et al 2003; Mori et al 2004; Ichikawa and

Yasunari 2006; Qian, 2008).

Interannual variability over Indonesia is strongly related to the El Nifio Southern Oscillation
(ENSO) with anomalously low rainfall during warm events (Hackert and Hastenrath 1986;
Ropelewski and Halpert 1987 1996; Kiladis and Diaz 1989; Hamada et al 2002; McBride et al
2003; Giannini et al 2007), associated with anomalous large-scale subsidence, a weakened
Walker circulation (Klein et al 1999) with anomalous surface easterlies, and anomalously cool
sea surface temperatures (SST) around Indonesia (Hendon 2003). However, the picture becomes

more complex, at regional and finer spatial scales, especially during the rainy season. Spatial



coherence (Moron et al 2006 2007) of interannual rainfall anomalies and teleconnections with
ENSO are stronger during the “dry” (JJA) and “transition” (SON) seasons, than during the peak
rainy season (DJF) (Haylock and McBride 2001; Aldrian et al 2004 2005 2007; Giannini et al
2007). Hendon (2003) suggested that the weakening of the relationship between ENSO and
Indonesian rainfall from JJA to DJF is linked to the transition between surface southeasterlies to
northwesterlies. The easterly anomaly superimposed on the climatological mean winds during a
warm ENSO event acts to reduce the wind speed during the monsoon season, damping the pre-
monsoon local cold SST anomalies, thus reducing the negative DJF rainfall anomalies. Chang et
al (2004) hypothesized that the weak correlation between Nifio 3 SST index and CMAP rainfall
during DJF over a triangular area between southern of Borneo, southeastern Sumatra and west-
central Java, is related to the rain-shadow effect of the northwest-southeast oriented mountain
chain along the southwest coast of Sumatra (i.e. Pegunung Bukit Barisan) that weakens the
influence of an anomalous Walker circulation. The decreased spatial coherence of DJF rainfall
anomalies may also be partly due to regional-scale modes of variability, such as the north-south
dipolar rainfall anomaly identified over Java by Giannini et al (2007), with less rainfall in the

north and more in the south during warm ENSO events..

Consistent with the temporal modulation of the observed intensity of ENSO-related rainfall
anomalies, the skill of seasonal rainfall forecasts is usually higher in the “dry” and transition
seasons and rather low for the peak of the rainy season (Aldrian et al 2005 2007). This
modulation has potential implications for rice production over the highly populated island of Java
(Harger 1995; Naylor et al 2001 2002 2007). In that context the phase of onset of the austral
summer monsoon season is particularly critical, due to its impact on planting dates, which also
influence the second planting of rice at the end of the rainy season (Naylor et al 2007). Moron et

al (2009a) recently argued that the spatially-coherent component of seasonally-average



(September—December, SOND) of local rain-gauge anomalies is largely due to the timing of the
monsoon onset, and in particular with delayed onsets during warm ENSO events. Post-onset
interannual rainfall anomalies were found to be far less spatially coherent, with some weak
coherence limited to a southwest-northeast band extending from southern Sumatra and Java to
southern Sulawesi (Moron et al 2009a). Thus, SOND seasonal rainfall anomalies, at least over
islands, owe their spatial coherence (and potential predictability) to the systematic delay or

advance of large-scale monsoon onset.

In this paper, the issue of the spatial coherence of onset and post-onset rainfall at interannual time
scale is further investigated using several observed datasets, together with high-resolution
regional climate model simulations driven with reanalysis data. We revisit the spatio-temporal
structure of rainfall variability and its relationship with monsoon onset. The data sets and model
simulations are described in section 2. Section 3 begins with an analysis of the interannual
variability of onset date, using empirical orthogonal functions (EOFs). The seasonal evolution of
rainfall anomalies are then examined for early and late onset years. A cluster analysis of daily
reanalysis low-level wind fields is then used to identify the relationships between seasonal
rainfall anomalies and modes of atmospheric variability in section 4. Section 5 provides a

discussion and concludes the paper.

2. Datasets

a. “Global Summary Of the Day”” dataset

Daily rainfall totals were extracted for Indonesia for the period 1979-2004 from the NOAA
Climate Prediction Center (CPC) Global Summary of the Day (GSOD) dataset, archived at the
National Center for Atmospheric Research (NCAR), and originating through the WMO Global

Telecommunication System (GTS). Note that these data are not checked for inhomogeneities



and/or wrong reports. They should be then cautiously analyzed and viewed as the best available,
albeit imperfect, estimate of the “true” rainfall. There are 91 available stations but many data are
missing (> 40% for the October—March season). Respectively, 72, 57 and 38 stations have at least
25%, 50% and 75% of available daily observations. We then selected the stations having at least
50% of available data; these stations are concentrated over Java, with a moderate sampling of
Sumatra and Borneo, and almost nothing elsewhere, except for few stations over Timor (Fig. 1).
There are 20.5% of missing entries in the remaining 57-station network, mostly scattered in time.
The missing entries were filled with a simple stochastic generator using the persistence of wet-to-
wet and dry-to-wet days and the shape and scale of a gamma distribution as parameters (Wilks
1999); these parameters were computed separately for each calendar month. This method does
not enhance any spatial coherence between stations, and does not attempt to reconstruct the

interannual variability of missing periods.

Figure 2 illustrates the daily rainfall sequences for two stations located in central Java, 97 km
apart from each other, indicated as red dots on Figure 1: Jatiwangi (108.27°E, 6.75°S) at the
northern foot of Gunung Ceremé — a 3078 m high volcano — and Tegal, (109.15°E, 6.85°S) on the
north coast of Java. Two years with almost complete records are illustrated: the strong El Nifio
year 1997-1998, and the ENSO-neutral year 2003-2004. The inland station (Jatiwangi) is clearly
wetter than the coastal one (Tegal), with mean annual rainfall of 2254 mm and 1733 mm
respectively. The seasonal cycle here is quite obvious with almost no rain between the end of July
and late October, especially during the El Nifio year. Dry sequences longer than 3-4 days during
the rainy season are rare. False starts, defined as occurrence of a 5-day wet spell receiving > the
mean rainfall amount of 5-day wet sequence in August-February, i.e. 39 mm at Tegal and 48 mm
at Jatiwangi, followed by a 10-day dry spell, are rather frequent as seen in Tegal in 1997 (Fig. 2b)

and 2003 (Fig. 2d). The “real” onset of the rainy season (see section 3a) at Tegal —defined in the



same way, but without the occurrence a 10-day dry spell (< 5 mm) within the following 30
days—is delayed during both years by 36 days in 1997 (Fig. 2b) and by 16 days in 2003 (Fig. 2d)
relatively to the 1979-2003 mean, i.e. November 4 at Jatiwangi and November 28 at Tegal). In
consequence the negative anomaly of seasonal amount of rainfall is clearly larger in 1997/98 (-
20%) relatively to 2003/04 (-5%), mostly due to the decreased length of the rainy season and the
concomitant decrease of the frequency of wet days > 1 mm; the mean daily intensity of rain is
almost identical in both years. The difference between these two years is also clear in Jatiwangi
with a delay of 35 days in 1997 (Fig. 2a) reduced to 10 days in 2003 (Fig. 2c). But in this case
such distinct onsets are not necessarily related to a large negative anomaly in seasonal amount.
The daily correlation between the square-rooted rainfall at each station is only 0.33 during
August-February, and 0.22 during November—February, computed over all years. Considering
(square-rooted) pentads increases the correlations to 0.51 for August—-November season, but to

0.23 only for the core of the rainy season (November-February).

This example illustrates (i) the challenge of defining the onset from daily rainfall amounts, (ii) the
large interannual variability in onset date, not necessarily related to the seasonal rainfall total, and
(iii) the large spatial inhomogeneities in rainfall over very short distances at intraseasonal time

scales.

b. CMORPH dataset

The CPC morphing techniqgue (CMORPH) uses precipitation estimates from low-orbiter satellite
microwave observations, and whose features are evolved between observations via spatial
propagation information obtained from geostationary infrared satellite data (Joyce et al 2004). We

used the version at 0.25° resolution from December 7 2002 to May 31, 2007. This dataset is



primarily used as reference for the regional climate model simulations, which have similar

horizontal resolution (see section 2e).

Ebert et al (2007) indicated a good correspondence between the CMORPH estimates and
observations over tropical Australia (i.e. north of 25°S) at 0.25° horizontal scale, even in DJF
when rain is largely convective in nature. The correlations between square-rooted of daily
(pentad) amounts for Jatiwangi and Tegal and their corresponding CMORPH grid-points are 0.35
(0.73) and 0.43 (0.73) respectively, during November 2003-February 2004, suggesting that the

CMORPH is more reliable at the pentad scale. Similar values were obtained in other years.

c. The pentad CMAP data
The primary dataset used in the following analysis is the pentad CPC Merged Analysis of
Precipitation (CMAP) available on a 2.5° x 2.5° grid since 1979 (Xie and Arkin 1997 1998). The

version used here (see for example http://www.cdc.noaa.gov/cdc/data.cmap.html) ends in

February, 24 2007 and the 28 seasons from October 1979 to February 2007 are used in the
following analysis. Values are derived from 5 kinds of satellite estimates (GPI, OPI, SSM/I
scattering, SSM/I emission and MSU) together with in-situ surface observations. There are
typically 1-3 rain-gauge station per grid-squares (Xie, personnal communication). The version
without reanalyses estimates is used to avoid any bias related to parameterization. There are no

missing values in this region.

To pursue our limited comparison using Jatiwangi and Tegal both stations lie within the same
2.5° CMAP grid-box. The correlation between square-rooted pentad amounts for November—
February season equals 0.59 for Jatiwangi and 0.46 for Tegal and reaches 0.66 when the average

of both stations is used instead of each station.


http://www.cdc.noaa.gov/cdc/data.cmap.html

d. Reanalysis wind dataset
The daily 850 hPa NCEP | winds (Kalnay et al 1996) are extracted on August-February 1979-

2007 on 12°S-6°N, 90°E-130°E on a 2.5° grid.

e. Regional climate model simulations

We make use of simulations made with the RegCM3 regional climate model driven by NCEP
reanalyses, at 60 km and 25 km resolution in 1979-2006 period. RegCM3 is the Abdus Salam
International Centre for Theoretical Physics (ICTP) regional climate model version 3 (Pal et al
2007; Qian 2008), a mesoscale atmospheric model including physics parameterizations of land-
surface, radiation, and moist processes suitable for long-term climate simulation. These
simulations are referred to as RegCM-25 and RegCM-60 in the following. These experiments
have been detailed elsewhere (Qian 2008). Figure 3 shows the topography of RegCM-60 (panel
b) and RegCM-25 (panel c), compared with observation (panel a). The main mountain ranges
extend along the western and southern coasts of Sumatra and Java, while they are located in the
central northern part of Borneo. Sulawesi is mountainous almost everywhere (Fig. 3a). The
geography of the mountain ranges is rather well reproduced in RegCM-25 (Fig.3c) although the
tallest peaks, above 2000m, are strongly attenuated. However, only the main ranges, strongly
smoothed, are resolved in RegCM-60 (Fig. 3b). The mountain ranges are usually composed of
groups of volcanoes separated by lowlands. The relatively small isolated volcanoes as Gunung

Baru (3726 m) on Lombok island (Sunda islands) are not represented in RegCMs.

3. Spatial coherence of monsoon onset-date and post-onset rainfall

a. Definition of onset date



From an agronomic perspective, monsoon onset is defined by the first “significant” rains,
allowing sowing crops, without any long dry spells then after, potentially damaging during the
first stages of growth of crops (Stern et al 1981; Sivakumar 1988). This definition is sensitive to
the amplitude of daily rainfall intensities and any systematic model biases, as well as to
topography which can induce considerable small-scale variability; it does not filter out the noise
associated with the convective nature of tropical rainfall. The intensity and length of initial wet
spell and following dry spell should ideally rely on local crop and soil properties, but values of
20-40 mm in 2-5 days (initial wet spell) and 1-5 mm in 7-15 days (following dry spell) are
usually considered (Stern et al 1981; Sivakumar 1988; Omotosho 1992; Moron et al 2009a,b). A
recent study (Marteau et al 2009) indicated that the interannual variability of local-scale onset is
largely insensitive to the choice of thresholds used to define the initial wet spell and following dry

spell.

We considered previously the onset in Indonesia as the first wet day (> 1 mm) of a 5-day wet
sequence receiving at least 40 mm (Moron et al 2009a). We adopt here a more flexible approach
by considering the first wet day > 1 mm of a 5-day wet sequence receiving more than the
climatological mean amount of rainfall received in 5-day wet sequences (> 1 mm) in August-
February, not followed by a 10-day dry sequence receiving less than 5 mm in the following 30
days counted from onset. Mean rainfall amounts during 5-day wet sequences are displayed on
Fig. 4. The values are fairly homogeneous for CMAP and GSOD (Fig. 4a) with > 80% of values
between 25 and 40 mm in both datasets; GSOD values often exceed those of CMAP over Borneo.
The CMORPH (Fig. 4b) is rather similar despite a different and shorter period taken into account.
The eastern part is drier than in CMAP with relatively dry areas surrounding the southern and
eastern islands. In CMORPH and RegCMs, heavy rainfall is concentrated over islands, with

highest rainfall located over mountains. Qian (2008) found that this is caused by the convergence



of sea breezes, reinforced by valley breezes, over the islands during the afternoon hours. The
cumulus merger process also acts to multiply rainfall over the islands. A narrow strip surrounding
the islands, relatively drier than the outer seas, is visible in the CMORPH and the RegCMs,
located in between the day-time rainfall maximum over the islands and the nocturnal rainfall
maximum over the seas. However, in the RegCMs, (Fig. 4c,d), the land-sea contrast appears to be
overestimated. This suggests that the convective scheme underestimates the strength of deep
convection over ocean and that the diurnal land-sea breeze is probably overestimated (Qian
2008). The bias could be from physics parametrization of convection, or those associated with
boundary layer and surface-air interaction. Aldrian et al (2005) found that their simulated rainfall
is also biased in a regional atmospheric model over the Maritime Continent, albeit with
overestimation over sea rather than over land. By coupling their atmospheric model to an ocean

model, their simulated rainfall over ocean was improved.

b. Mean onset date

Maps of the mean onset date are plotted in Fig. 5. The three observational and satellite datasets
exhibit similar patterns (Fig. 5a,b), despite the different data periods and very different horizontal
resolutions. The mean onset dates, as well as the general NW-SE shift north of the equator
followed by a more zonal propagation south of the equator, are in good agreement with previous
estimates, drawn from different datasets and/or methods (Janowiak and Xie 2003; Naylor et al
2007). The larger spatial noise in CMORPH relative to CMAP could be related the much higher
spatio-temporal resolution of the CMORPH, and its shorter 5-yr record. The spatial distribution
of mean onset date in RegCMs compares well with the observed datasets, with the main
distinguishing feature being the earlier model onsets over Java and the southeastern chain of
islands extending to Timor. This is more marked in the 25-km resolution model, where earlier
onsets occur over topography. While these earlier onsets are probably exaggerated in the model,

they may be underestimated in the CMORPH, while GSOD stations do not tend to be located



over mountains. Higher model resolution leads to later onsets over the South China Sea (Fig. 5d
vs. 5¢), as also seen in the CMORPH but not CMAP (Fig. 5b vs 5a). It should be noted that most
of the area north of the equator has a different seasonal cycle (Aldrian and Susanto 2003) and
“onset” is merely, at best, an increase of rainfall. Its exact phase is thus more sensitive to the

methods and parameters used to define it.

c. Interannual variability of onset

The leading EOF of onset-date is plotted in Fig. 6, for the CMAP, GSOD and RegCM-25
datasets, and provides a measure of the spatially coherent component of variability. It accounts
for 35%, 33%, and 26% of onset-date variance in the three datasets respectively (30% in RegCM-
60), while the second mode explains less than 12.2% in all cases. These similar variance
fractions, demonstrate the dominance of the EOF 1 patterns, which are also similar across the
datasets: in CMAP an almost continuous band of high loadings extends from the tropical
southeast Indian Ocean to Sulawesi across southern Sumatra, Java and southern Borneo—i.e.
“monsoonal” Indonesia (Aldrian and Susanto 2003)—with a weak decrease toward the southeast
and a stronger decrease to near zero over northern Sumatra, the Malay Peninsula and northern
Borneo (Moron et al 2009a). GSOD rain-gauge loadings (filled circles in Fig. 6a) are largely
consistent with those of CMAP although a slightly larger amount of noise is visible over islands.
These large EOF loadings signify substantial spatial coherence and a seasonally predictability
component of onset date (Moron et al 2009a). The leading EOF of RegCM-60 exhibits a very

similar pattern to that of CMAP (not shown).

The leading EOF of RegCM-25 onset date (Fig. 6b) also exhibits a southwest-northeast band of

large loadings over ocean, but this band is broken up over land, where loadings are often much



smaller. However, this local-scale noise over land is found to largely cancel when a simple 5-

point spatial smoothing is applied (not shown).

The temporal behavior of the respective leading PCs of the different datasets (Fig. 6¢) is highly
coherent, except for the periods 1983-1987, and 1998 onwards (correlations between pairs of PC
are always > 0.87*** (one, two and three asterisks indicate significant correlations at the two-
sided 90%, 95% and 99% level according to a random-phase test, Janicot et al 1996) on the
common period 1979-2003). The time evolution is asymmetrical with more marked delayed
onsets, and can be interpreted using indices of central and western Pacific SST anomalies (Fig.
6d), consistent with previous studies (e.g. Haylock and McBride 2001; Hendon 2003). The
correlations between the average of standardized leading PC of onset date from the four datasets
and July SST, one to four months before the onset date across Indonesia, equals 0.75*** for
central Pacific SST index and -0.71*** for western Pacific SST index, both indices being
correlated at -0.44** (all correlations computed on 1979-2003). Both SST regions appear to act
constructively, although the western Pacific SST alone seems to be decisive in some years (e.g.
1994) and the ENSO signal in central Pacific in others (1987). The SST tendency between July
and October in the central Pacific is also significantly related to the average of standardized

leading PC of onset date (r = 0.62***), but not in the western Pacific (r =-0.11)

d. Mean seasonal evolution of rainfall for late and early onset years

The previous section suggests that the interannual variability of onset date is largely in-phase
across the monsoonal Indonesia, especially over ocean, while small-scale noise is larger over
islands, especially north of the Equator where the onset is merely an increase of the rainfall rather
than an abrupt transition (Aldrian and Susanto 2003; Aldrian et al 2005). Moron et al (2009a)

hypothesized that most of the spatially-coherent signal of rain-gauge SOND seasonal amounts is



conveyed by the phase of the regional-scale onset while post-onset rainfall anomalies lack spatial
coherence and are largely unpredictable. This section explores this issue in greater depth by
analyzing the evolution of rainfall anomalies from before the onset to the seasonal peak. Two sets
of years are defined using the simple average of the standardized leading PC (Fig. 6¢) derived
from each of the 4 datasets (CMAP, GSOD, RegCM-60 and RegCM-25) over the common period
(1979-2003). The lower and upper quartile categories of the average of the four standardized PC
time series on the common period (i.e. 1979-2003) in Fig. 6¢ are used to define the early onsets
(i.e. 1980, 1988, 1995, 1996, 1998, 1999) and late onsets (i.e. 1982, 1987, 1991, 1994, 1997,
2002) respectively. The remaining 13 years (i.e. within the inter-quartile range of the averaged

PC time series) are taken to define neutral-onset years.

The domain-averaged August—February evolution of running 30-day rainfall anomalies are
plotted in Fig. 7, for the sets of early and late onset years vs the long-term mean. In the observed
datasets (Fig. 7a), the positive rainfall anomaly during early onset years (black curves) decreases
from about 50% of the mean in late August, to less than 20-30% thereafter, and no significant
anomalies are observed from about mid-November. In contrast, the negative rainfall anomalies
during late onset years are larger and last longer: CMAP anomalies remain systematically
negative through the rainy season, while the GSOD anomalies loose statistical significance from
late-November, i.e. the beginning of the peak rainfall season. These differences between CMAP
and GSOD may be related to land-sea sampling differences, since GSOD rain gauges are

restricted to land.

The evolution of RegCM-25 simulated rainfall anomalies (Fig. 7b) show similar characteristics,
although the composite anomalies appear more stable over time; a similar picture is obtained for

RegCM-60 (not shown). The high-resolution model allows us to separate out the island and sea



components. We here focus on the area south of the equator, where the onset is better defined,
and where most of the spatially-coherent large-scale interannual signal is located (Fig. 6a,b). The
mean rainfall anomalies over land points (Fig. 7c) tend to be less than 20% from the mean after
late-September in early onset years and late-October in late onset years, matching well the GSOD
behavior (Fig. 7a). In contrast, the mean rainfall anomalies over ocean (Fig. 7d) tend to be much
larger and more stable across the season. Note that the evolution of RegCM-60 is highly similar

(not shown).

These analyses suggest that (i) the large-scale signal (i.e. negative rainfall anomalies during late
onsets and positive anomalies during early onsets) tends to decrease in amplitude within the core
of the rainy season, and that (ii) the behavior is distinctly different between land and sea, with
sustained anomalies over ocean persisting well into the rainy season, while island anomalies

decay rapidly after mid to late November.

4. Regional-scale weather types and local-scale rainfall

a. Definition of weather types

In order to understand better the differences in seasonality of rainfall anomalies seen in Fig. 7, we
next analyze the evolution of atmospheric daily circulation using cluster analysis. Cluster analysis
has been used to isolate modes of daily circulation variability in mid latitudes (Michelangeli et al
1995; Robertson and Mechoso 2003), and recently the tropics as well. In the latter case, Moron et
al (2008) applied K-means to unfiltered daily circulation fields over West Africa, providing a
integrated view of the complex regional circulation variability, without the need for explicit time
filtering. Their weather types included typical phases of African easterly waves, persistent

monsoon surges, and different stages of the seasonal cycle; the temporal sequencing of the



clusters described a systematic monsoonal evolution, together with variability at subseasonal and

interannual time scales.

Here we use cluster analysis of daily unfiltered circulation fields to elucidate interannual
variability in the monsoon and its onset, and to interpret the rainfall anomalies in our observed
datasets and RegCM simulations; note that the rainfall is not used in defining the weather types.
Daily wind fields at 850 hPa within a regional window (90°-130°E and 12°S-6°N) were
extracted from the NCEP/NCAR reanalysis, and then analyzed using a k-means cluster analysis
(Diday and Simon 1976). In this partitioning algorithm, a prescribed number (k) of clusters is
specified and daily observations are agglomerated around centroids initially chosen from random
seeds. The k-means clustering iteratively minimizes the sum, over all clusters, of the within-
cluster spread. The final clusters localize relatively high concentrations of data in the atmospheric
phase space. The period analyzed encompasses the onset as well as the peak of the annual rainfall
(i.e. August 1 to February 28), with the 850-hPa level chosen to represent the low-level monsoon
flow. The zonal and meridional wind components were firstly standardized to zero mean and unit
variance at each grid point, and the leading 9 PCs accounting for 75% of the variance were then

used as input to k-means.

Figure 8a shows the classifiability index (CI) defined by Michelangeli et al (1995), to help
identify the appropriate number of clusters by quantifying the sensitivity of the classification to
the choice of initial seeds. This index is based on the similarity between the cluster centroids
obtained from 500 random initializations of k-means for each value of k; Cl equals 1 if the
classification is insensitive to the choice of the random seeds and 0 if the final solution is fully
dependent on it, and thus meaningless. Such perfect robustness is achieved in our case only for

k=2, with a large drop for k=3 and k=4; the CI rises to an almost flat plateau for higher values of



k. The solution with k=5 clusters appears to be a good compromise between robust clusters and a
useful categorization of the low-level atmospheric circulation variability. These five clusters are

referred to as “weather types” (WT) in the following.

b. Wind and rainfall signature of weather types

The mean seasonal cycle of each WT is shown in Fig. 8b. There is a clear domination by WT#1
then WT#2 during August—mid-October; other WTs almost never occur before late-October. This
period should be considered the “pre-onset” season for monsoonal Indonesia, while rainfall
already occurs north of and around the Equator. Marked changes take place from mid-October
with a progressive disappearance of pre-onset WTs and the increased occurrence of WT#3, #4 or
#5. These three “monsoonal” WTs can occur until the end of February, although the prevalence
of WT#3 is lower from early January (Fig 6b). The sequential progression from WT#1 to WT#5
characterizes the mean seasonal evolution in the analysis. Indeed, the daily probability transition
matrix between WTs (Vautard et al 1990) shows that the one-day persistence (always > 0.79) is
the only transition that occurs more likely than by chance; thus there are no systematic transitions
on the daily time scale between WT#1 and WT#2 before the core of the rainy season, nor

amongst WT #3, #4 and #5 during the monsoon.

Composites of 850 hPa wind for the days assigned to each weather types are plotted in Fig. 9,
together with composites of CMAP and GSOD rainfall for those same sets of days, recalling that
the precipitation data sets were not used in defining the weather types. WT#1 and WT#2 typify
the pre-monsoon season, with dry conditions and easterlies south of the Equator; there is a shift
toward wetter conditions over southern Sumatra in WT#2. These WTs are thus labelled “pre-
monsoonal” and “transitional” respectively. The WTs 3-5 represent monsoonal weather types.

The wind fields are clearly different for WT#3 and WT#5 with widespread westerlies between



4°N-4°S in WT#3 (Fig. 9¢), and south of 4°S in WT#5 (Fig. 9e), characterizing the evolution of
the Australasian monsoon. Rainfall > 5 mm/day is widespread except at the margins. It is notable
that WT#4 (Fig. 9d) depicts a weaker monsoon than WT#3 and WT#5, mostly south of the
equator; the mean winds are very weak from eastern Indian Ocean toward Timor, and rainfall also
is generally lower than for WT#3 and WT#5. The WT#4 (Fig. 9d) closely resembles the “easterly
wind regime” identified by Ichikawa and Yasunari (2006) from smoothed 850 hPa zonal winds
across Borneo during periods of inactive convection over the Maritime continent; conversely,
WT#5 (Fig. 9e) is similar to their strong westerly regime, corresponding to active convection and
regional-scale upper divergence. The monsoonal WTs 3-5 also resemble different phases of the
MJO, which is usually defined using bandpass filtered data (Sperber 2003; Wheeler and Hendon
2004). A composite analysis (not shown) keyed to the 8 MJO’s phases defined in Wheeler and
Hendon (2004) indicated that WT#3 and WT#5 are more prevalent during MJO phases of active
regional-scale convection, while WT#4 is more prevalent during inactive phases. In the
following, WT#3, #4 and #5 are referred to “westerly”, “quiescent” and *strong-westerly”

monsoonal WTSs.

c. Weather types: interannual variability

The weather types are constructed from unfiltered data and thus represent both the seasonal
monsoonal evolution, as well as variability on longer and shorter time scales. The interannual
variability in the frequency of occurrence of each WT is shown in Fig. 10a. There is an out-of-
phase temporal relationship between the transitional and quiescent WTs on the one hand, and the
westerly and strong-westerly ones on the other; this is especially clear for the warm ENSO events
of 1982, 1991, 1997, 2002 and 2006 (Fig. 10a). In 1982 and 1997 in particular, the “transitional”
and “quiescent” WTs together account for more than 75% of days over the whole season.

Antecedent warm Nifio 3.4 SST anomalies in July are associated with less of the “westerly” (and



secondly “strong-westerly”) WTs and more of the “quiescent” (and secondly “pre-monsoonal’”)
WTs than usual (Table 1). The frequency of the “transitional” WT seems more closely associated
with the Indian Ocean Dipole (IOD), with increased frequency when the 10D is positive, i.e.
when western Indian Ocean is anomalously warm relatively to the east (Table 1). Note that in
July, the positive correlation between 10D and Nifio 3.4 is not yet evident (r between 10D and
Nifio 3.4 = 0.70*** in October) while the negative one between 10D and western Pacific is

already observed (Table 1).

Differences in the seasonal evolution of each WT during early and late onset years (as defined in
Sect 3d) are examined in Figs. 10b and 10c. Comparing with climatological seasonality of WT
frequency (Fig. 8b), early onset years (Fig. 10b) exhibit slightly higher prevalence of the
“transitional” WT during August, and of the “pre-monsoonal” WT in October, at the expense of
the “transitional” one. The largest differences during early-onset years occur from November
onward, with increased prevalence of the “westerly” WT (and to some extent the “strong-
westerly” one) at the expense of the “quiescent” regime. During the late onset years (Fig. 10c),
the seasonal cycle is highly perturbed throughout the season. The “pre-monsoonal” WT
dominates until mid-September, thus delaying the onset across Indonesia north of about 2°S (Fig.
9a). The “transitional” WT then predominates until mid-November, delaying further the onset
south of the equator (Fig. 9b). The ensuing monsoon is then dominated by the “quiescent” WT,
leading to recurrent negative rainfall anomalies across the seas, but a blurred signal across the

islands (Figs. 9 and 10). Both westerly WTs are highly suppressed.

In order to examine in more detail the spatial structure of interannual anomalies in terms of
weather types, we now construct anomaly composites of precipitation for the three monsoonal

WTs (i.e. WTs 3-5) using the high-resolution RegCM-25 and GSOD (Fig. 11) datasets. Note



that the same NCEP/NCAR reanalysis wind fields were used in the RegCM’s lateral boundary
conditions as in the cluster analysis. These anomaly composites are constructed by subtracting the
mean seasonal cycle of each weather type, defined by the mean seasonal cycle of total rainfall at
each grid point, weighted by the mean seasonal cycle of the frequency of the respective weather
type (Fig. 8b). Note that the 72 GSOD stations having at least 25% of data are retained. Missing
entries are not considered here. Composite rainfall in Figure 11 is expressed as percentage
anomalies relative to the mean seasonal cycle of each WT; a positive rainfall anomaly in these
maps means that conditions are wetter when the WT is more frequent than normal, and vice
versa, taking into account the mean season cycle. The three monsoonal WTs are strikingly
different from each other in RegCM-25 with generally positive anomalies across the seas in the
“westerly” (Fig. 11a) and especially the “strong-westerly” (Fig. 11c) types, while the “quiescent”
WT (Fig. 11b) is anomalously dry across the seas and also along the northern coast of Java. The
composite rainfall anomalies are noisier and weaker over islands in all three WTs, with the
exception of NE Borneo, and parts of Sulawesi. The GSOD network tends to agree with RegCM-
25 although very few stations are available on the southern shore of Java; the agreement is

particularly good over southern 2/3 of Borneo (Fig. 11).

The CMORPH rainfall WT composites (not shown) exhibit similar qualitative broad-scale
patterns in sea-island contrasts, compared to RegCM-25, despite the short length of the dataset
and a different available period. However, the CMORPH anomalies are more coherent and
extensive over the islands than in the regional model, suggesting that either the latter is too noisy,

or that CMORPH underestimates small-scale rainfall features associated with topography.

The contrasting rainfall anomalies in the monsoonal WTs along the southern coast of Java and

southwestern coast of Sumatra in RegCM-25 coincides with the topography. It is intriguing that



the “quiescent” WT (Fig. 9d), is characterized by positive rainfall anomalies over and south of the
mountains (Fig. 11b), while the stronger monsoonal winds of the westerly and strong-westerly
WTs (Figs. 9c,e) are associated with negative rainfall anomalies over the topography and along
the southwestern and southern coasts (Figs. 11a,c). This suggests an interaction between the
large-scale wind field, the topography and the diurnal cycle, in which the diurnal cycle may be
stronger during the “quiescent” WT because of the weak regional-scale monsoonal flow. To
examine this possibility in detail, Fig. 12 shows RegCM-25 composites of raw values and
anomalies of near surface winds (at 10 m height) and rainfall for monsoonal WTs over Java,
during the late afternoon hours (4—7 p.m. LT) near the peak of the diurnal cycle of rainfall (Qian
2008). In terms of the raw model fields (i.e. without the mean seasonal cycle subtracted), the
three WTs show rainfall maxima across Java, while surrounding seas are clearly drier, especially
for “westerly” and *“quiescent” WTs (Fig. 12c,e). In terms of anomalies from the mean seasonal
cycle, the model’s monsoon westerlies are strengthened over the oceans in the “westerly” (Fig.
12b) and “strong-westerly” (Fig. 12f) WTs, and weakened in the “quiescent” WT (Fig. 12d),
consistent with the reanalysis winds in Fig. 9. Furthermore, the “quiescent” WT exhibits a
strengthened on-shore flow, corresponding to strengthened sea breezes in the afternoon,
accompanied by positive rainfall anomalies over the mountains and southern shore. This contrasts
with the “westerly” and “strong-westerly” WTs in which the model exhibits weakened on-shore
flow and negative rainfall anomalies. Thus, the diurnal cycle is indeed modulated by these WTs
in the manner hypothesized, with land-sea and mountain-valley breezes less disturbed by the

monsoon in the “quiescent” WT during which large-scale wind speeds are small.

5. Summary and discussion

a. Summary



This paper has analyzed the characteristics of monsoon onset date and post-onset rainfall over
Indonesia in three observed rainfall datasets (CMAP, CMORPH, GSOD), as well as regional
climate model simulations with 60-km and 25-km spatial resolution (RegCM-60, RegCM-25),
driven by reanalysis lateral boundary conditions. The spatial distribution of mean onset date
progresses from northwest to southeast in all the data sets, in good agreement with previous
studies (Janowiak and Arkin 2003; Naylor et al 2007) (Fig. 5). The spatial coherence of
interannual variations in onset date, analyzed using EOF analyses, is characterized by a band of
high large-scale coherence extending from southwest to northeast in CMAP data (Fig. 6a); this
band is also found in the regional models, but is broken up over land in the RegCM-25, where
loadings are often noisy and much smaller (Fig. 6b). Nonetheless, the leading PC of onset-date
obtained from observed and model datasets are very highly correlated, with more marked delays
than advances (Fig. 6c¢); significant correlations with July SST over the central-equatorial and

western Pacific are demonstrated (Fig. 6d).

Domain-averaged August—February evolutions of running 30-day rainfall anomalies confirm the
more-pronounced signal in late onsets compared to early ones (Fig. 7a). In the regional model, it
is found that the spatial coherence of anomalous advances and (especially) delays in onset are

much more pronounced over ocean than they are over island (Figs. 7b—d).

A weather-typing analysis is then applied to daily 850-hPa reanalysis wind fields over Indonesia,
using k-means cluster analysis. The 5-cluster solution exhibits a sequential progression from
WT#1 to WT#5, describing the August—February seasonal evolution (Figs 8,9): “pre-monsoonal”
WT#1 and “transitional” WT#2 typify the pre-monsoon season, with dry conditions and easterlies
over southern Indonesia, and a shift toward wetter conditions over southern Sumatra in the

transitional WT; marked changes take place from mid-October with a progression toward the



monsoonal WTs 3-5, accompanied by widespread westerlies (“westerly” WT#3 and “strong-

westerly” WT#5), except for the “quiescent” WT#4 which depicts a notably weaker monsoon

(Fig. 9).

Interannual variability is interpreted via the WTs in terms of changes in their frequency of
occurrence, with an out-of-phase temporal relationship between the prevalence of the
“transitional” and “quiescent” WTs on the one hand, and “westerly” and “strong-westerly” WTs
on the other, especially large during the warm ENSO events (Fig. 10a). The seasonal cycle is
highly perturbed throughout the season during late-onset years, with the rainy season dominated
by the “quiescent” WT (Fig. 10c). In this weak-circulation weather type, rainfall anomalies
defined with respect to its mean seasonal evolution are negative over ocean with complex
structures over land (Figs. 11, 12); in the 25-km RegCM run, this weather-type is anomalously
wet along the mountainous southern and western coast of Java and Sumatra, and is associated

with an enhanced diurnal cycle (Figs. 11, 12).

b. Discussion

Our results illustrate how in both CMAP and GSOD, observed interannual rainfall anomalies
weaken after onset, for both early- and late-onset years, consistent with previous studies (Hendon
2003; Giannini et al 2007; Moron et al 2009a). This seasonal weakening of interannual anomalies
is reproduced in the RegCM for land points, but is much less pronounced over ocean points. (Fig.
7b—d). While it is difficult to draw firm conclusions from the model runs, these suggest that it is
the noisiness of the convection over the complex island topography that destroys the spatial
coherence in seasonal post-onset rainfall anomalies, in addition to possible seasonal changes in
large-scale ENSO teleconnections (Hendon 2003; Giannini et al 2007). This land-sea contrast

may be overstated in the RegCM, which tends to exaggerate land-sea contrasts and the diurnal



land-sea breeze circulation (Qian 2008). Contrasting land-sea behavior was also suggested by the
observational study of Hamid et al (2001), who found that while the number of convective storms
decreased everywhere during the warm 1997-98 ENSO event, relative to neutral conditions in

1998-99, lightning activity increased over islands, suggesting more intense storms there.

The weather types identified here share similarities with the wind regimes of Ichikawa and
Yasunari (2006) and with different phases of the MJO. Most notable is the monsoonal
“quiescent” weather type (i.e. WT #4) which tends to coincide with the inactive phase of the MJO
(Wheeler and Hendon 2004). Although the inactive phase is associated with large-scale
subsidence, and thus anomalous dry conditions generally across Indonesia, this dry footprint
becomes fragmented across islands, especially over the orography and on southern and western
shores. Ichikawa and Yasunari (2006) indicated also that their corresponding “easterly wind
regime”, similar to our “quiescent” weather type, is associated with deeper storms over Borneo

and more conditionally unstable conditions.

This “quiescent” weather type is more frequent when the large-scale onset is anomalously late,
often in warm ENSO years, and can thus be associated with a large-scale weakening of the
monsoon. The RegCM-25 simulations provide evidence that relatively quiescent large-scale
winds lead to an enhanced diurnal land-sea breeze, generating increased rainfall over islands,
particularly mountains, despite anomalous large-scale subsidence, while the latter promotes
negative rainfall anomalies across the seas. While further work is required to examine WT
associations with the diurnal cycle, this phenomenon may help to explain the distribution of
January-June station rainfall anomalies over Java in warm-ENSQ years plotted in Giannini et al
(2007, their Fig. 9b), in which positive anomalies occur in the south with negative anomalies on

the north shore (compare “quiescent” WT RegCM-25 rainfall anomalies in Fig. 11b here).
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Figure captions

Figure 1: Location of the CMAP grid-boxes (dots) and of the stations having daily observations
in GSOD dataset (circles), with the percentages of missing entries (indicated as proportional
circles) for Indonesia. Red dots indicate the location of Jatiwangi and Tegal.

Figure 2: Daily rainfall records at Jatiwangi (left) and Tegal (right) on Java island in 1997-98
(top) and 2003-04 (bottom). The vertical dashed lines indicate the first day of each month The
full and dashed arrows indicate monsoon onset and false-starts respectively (see text). The rainfall
totals for the rainy season are shown in the upper right corner of each panel. There are less than
10 missing days in each case.

Figure 3: Topography (in m) in (a) observation (at ~2.5 km resolution), (b) RegCM-60 and in (c)
RegCM-25.

Figure 4: Mean rainfall (in mm) for 5-day wet sequences (i.e. at least 1 mm) during August—
February in (a) CMAP (shading) and GSOD (circles), (b) CMORPH, (c) RegCM-60, and (d)
RegCM-25.

Figure 5: Mean calendar date of monsoon onset in (a) CMAP (shading) and GSOD (circles), (b)
CMORPH, (¢) RegCM-60 and (d) RegCM-25.

Figure 6: Leading EOF of onset date in (a) CMAP (shading) and GSOD (circles), and (b)
RegCM-25, together with (c) associated PC time series, and (d) SST indices. The colors in (a)
and (b) express the EOF loadings as correlations between the standardized PC time series and the
individual station or grid-point. Panel (c) shows the standardized leading PC of GSOD (full black
line), CMAP (full red line and circle), RegCM-60 (full green line and circle) and RegCM-25 (full
blue line and circle). Panel (d) shows two SST anomaly indices (Central Pacific (CP): 170°W-
120°W, 4°S-4°N in red, and Western Pacific (WP): 100°-130°E, 8°S-0° in black, for July (full

line) and October (dashed line) (°C).



Figure 7: (a) Evolution of running 30-day spatially-averaged rainfall mean anomaly in CMAP
(dashed line with circle) and GSOD (full line with square) for early onset years (in black) and late
onset years (in red) relatively to the long-term mean. The early (respectively late) onset years are
defined as the lower (respectively higher) quartiles of the average of the standardized leading
principal component of onset dates (i.e. 1980, 1988, 1995, 1996, 1998, 1999) (respectively i.e.
1982, 1987, 1991, 1994, 1997, 2002). The filled markers indicate a spatial average that is
significantly different from the long-term mean at the two-sided 90% level of significance
according to a Student’s T test. (b) same as (a) for the early and late onset years in RegCM-25. (c)
Same as (b) for islands south of the equator only. (d) Same as (b) for seas south of the equator
only.

Figure 8: (a) Classifiability index of the k means solution with k=2 to k=10 clusters. 500 random
seeds are used each time. (b) Smoothed seasonal mean cycle of the 5 weather types (frequency is
computed on running 30-day periods). The calendar dates in abscissa are centre of 30-day
periods.

Figure 9: Composite maps of rainfall (in mm/day) in CMAP (shadings) and GSOD (filled circle)
together with and reanalysis winds at 850 hPa for each weather type. The composites were
constructed by averaging the respective raw fields over the days assigned to each weather type,
without subtracting out the climatological mean. In the text, the five WTs are referred to
respectively as “pre-monsoonal”, “transitional”’, “westerly”, “quiescent”, and “strong-westerly”.
Figure 10: (a) Interannual variability of the frequency of each weather type. (b) running 30-day
mean frequency during (b) early and (c) late onset years. The calendar dates in abscissa are centre
of 30-day periods. Large colored (small black) dots indicate statistically significant positive
(negative) anomalies in WT frequency, compared to neutral years at the two-sided 90% level,
according to a Chi-2 test (HO: WT frequency during early/late onset years equals that in neutral

years).



Figure 11: Mean rainfall anomalies in GSOD (circles) and RegCM-25 (shading) for (a) WT #3,
(b) WT #4, (c) WT #5, relatively to the mean seasonal cycle. The mean seasonal cycle of each
station is weighted by the temporal frequency of each weather type to get the mean rainfall
associated with the seasonal cycle of each weather type and this is subtracted from the mean
rainfall of each weather type for obtaining the anomaly expressed as deviations (in percentage)
from the mean.

Figure 12: Raw mean rainfall and near surface wind at 4-7 pm local time for (a) WT#3, (c)
WT#4 and (e) WT#5 and mean rainfall and near surface wind anomalies relative to the seasonal
cycle at 4-7 pm local time for (b) WT#3, (d) WT#4 and (f) WT#5. Rainfall Anomalies are
computed and expressed as in Fig. 11. Wind anomalies are computed in the same way except that

they are expressed in m/s relatively to the seasonal mean.



Table

NINO I0D WP ONSET
WT#1 43 8 122 22
WT#2 13 A5 [28* 27
WT#3 57+ 48 T 7w
WT#4 B1x* 37 51 7g%*
WT#5 [39%* 116 39* [56%*
NINO 100 02 [3g** TR
I0D 02 100 g1+ 63>
WP [38** g1 100 [ 727

Table 1 : Cross-correlation (x 100) between the average of standardized leading principal
component of onset date (= ONSET), the SST averaged over Nifio 3.4 (170°E-240°E, 5°S-5°N),
Indian Ocean Dipole Index (= difference between 50°-70°E, 10°S-10°N minus 90°-110°E, 10°S-
Eg.) and western Pacific (100°-130°E, 8°S-0°) in July, i.e. 1-4 months before the median local-
scale onset across Indonesia, and the seasonal frequency (in ASONDJF) of each weather types.

One, two, and three asterisks show the correlations significant at the 90%, 95% and 99% two-

sided level according to a random-phase test (Janicot et al 1996).
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(a) Classifiability Index of k-means
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(&) WT#3 in Reg 25 km
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