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ABSTRACT. The influence of the Madden Julian Oscillation (MJO) on rainfall in Sri Lanka (SL) is examined
based on 30 years of daily station data from 1981-2010. Composites are constructed for each of the eight phases of the
MJO defined with the Real-time Multivariate MJO (RMM) indeX, using daily rainfall data from 44 stations over SL for
four climatic seasons and comparing to similar results from a satellite-based rainfall product. Composites of lower
tropospheric wind and convective anomaly are also investigated in order to examine how the local rainfall anomalies are
associated with large-scale circulations. The greatest impact of the MJO on rainfall over SL occurs in the Second Inter-
Monsoon (SIM) and Southwest Monsoon (SWM) seasons. Enhanced rainfall generally occurs over SL during RMM
phases 2 and 3 when the MJO convective envelop is located in the Indian Ocean and conversely suppressed rainfall in
phases 6 and 7. This rainfall impact is due to the direct influence of the MJO’s tropical convective anomalies and
associated low-level circulations in the vicinity of SL. In contrast, the MJO influence during the Northeast Monsoon
(NEM) season is slightly less than during the SWM and SIM seasons as a result of the southward shift of the MJO
convective envelop during boreal winter. Occurrence of extreme rainfall events is most frequent during phase 2 in First
Inter-Monsoon (FIM) phases 2 and 3 in SWM, phases 1, 2 and 3 in SIM and phases 2 and 3 in NEM seasons. The
analysis of this study provides a useful reference of when and where the MJO has significant impacts on rainfall as well
as extreme rainfall events during four climatic seasons in SL. This information can be used along with accurately
predicted MJO phase by dynamical or statistical models, to improve extended range forecasting in SL.
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1. Introduction

Sri Lanka (SL) is an island located in the tropics
between 5° 55' to 9° 51' North latitude and between 79°
42' to 81° 53" East longitude. The country exhibits typical
characteristics of tropical weather owing to its latitudinal
position; on the other hand it is also a part of the South
Asian monsoon climate region affected by both Southwest
Monsoon (SWM) and Northeast Monsoon (NEM) seasons
(Chandrapala, 1996). The two monsoons essentially
determine the seasonality of SL since the temperature
shows hardly any significant variation throughout the
year. The seasons are distinguished only by means of the
timing of the two monsoons and the transitional periods
separating them, called inter-monsoon  seasons
(Chandrapala, 1996). Due to the near-equatorial location
of SL, the Inter Tropical Convergence Zone (ITCZ)
crosses twice a year during its migration, playing an
important role in SL’s rainfall distribution (Suppiah, 1996;
Ding and Sikka, 2006). Consequently, SL’s rainfall
exhibits a marked seasonality in its spatial and temporal
aspects (Suppiah, 1989). The annual rainfall shows
[Fig. 3(e)] remarkable spatial variation, ranging from less
than 1000 mm in the driest parts to more than 5000 mm in
the wettest parts. The SWM contributed 30% of annual
average rainfall ranging from 10-20% in dry zone to more
than 50-65% over western slopes of the central hills
[Fig. 3(a)] and the NEM contributed 26% ranging from
30-50% in north-eastern parts dry zone and 7.5-15% in
wet zone to the annual average rainfall [Fig. 3(a)]. The
inter-monsoon periods, namely First inter-monsoon (FIM)
and Second Inter-monsoon (SIM) contributed 14% and
30% to annual average rainfall respectively [Fig. 3(a)].

The spatial patterns of the rainfall in different
seasons indicate that the southwestern sector of the island
receives the highest rainfall in all the seasons except in the
NEM season, which makes it the zone of maximum
rainfall in the annual rainfall pattern [Figs. 3(b&c)]. Thus,
SL has been categorized in to three spatial climatic zones:
the Wet Zone in the southwestern region including the
western and southern slopes of the central hills; the Dry
Zone covering predominantly the northern and eastern
part of the country: and the Intermediate Zone, skirting the
central hills except in the south and the west
(Thambyahpillay, 1954). Three climatic zones are
demarcated based on rainfall, soils and vegetation
(Somasekeram et al., 1988). The wet zone receives an
annual rainfall of more than 2500 mm; the intermediate
zone receives between 1750 and 2500 mm and the dry
zone receives less than 1750 mm a year.

The agricultural activities, water resources
management, hydropower generation and reservoir
management in the country are highly susceptible to

rainfall variability on the intra-seasonal timescale. Disease
outbreaks such as Dengue, the most common vector borne
disease in SL, are also sensitive to rainfall variability on
the intra-seasonal timescale. Therefore, the understanding
of intra-seasonal rainfall variability and its prediction are
essential for reducing the impact of natural disasters and
for making better strategic decisions in the agricultural
sector. Meinke and Stone (2005) highlighted numerous
agricultural decisions that could be made given forecasts
targeted to the intra-seasonal time scale. Reliable
predictions for this extended range would help plan for
key events such as the timing of the rainy season onset for
planting decisions and rainy season cessation for
harvesting decisions and provide early warning for the
risk and potential timing of dry spells or damaging heavy
rain for crop management and protection decisions.

The intra-seasonal time scale lies between daily
weather and seasonal climate for which the MJO is
considered to be a major source of predictability,
especially in the tropics (Waliser, 2005; Wheeler et al.,
2009). The MJO is a dominant mode of tropical variability
on intra-seasonal time scales (Madden and Julian, 1971,
1972; 1994). The MJO’s impact on rainfall has been
widely documented (Donald et al., 2006; Pohl and
Camberlin, 2006; Wheeler et al., 2009; Zhang et al., 2009;
Jiaet al., 2010 and Berhane et al., 2015). Previous studies
indicate that the onset of the South Asian monsoon is most
likely to occur when the MJO convection just starts over
the Indian Ocean (MJO phases 2 and 3), than in other
phases (Zhang, 2013). About 50-80% of the total intra-
seasonal variance in the Asian summer monsoon rainfall
is related to the MJO (Zhang, 2013).

The real-time multivariate MJO (RMM) index
developed by Wheeler and Hendon (2004) (WHO04
hereafter) provides both real-time MJO information
(position and strength) and a historical database. Using
this index, much work has been done to study the effect of
the MJO on rainfall variability over many parts of world
(Wheeler et al., 2009; Zhang et al., 2009; Jia et al., 2010;
Martin and Schumacher, 2011; Pai et al., 2011; Matthews
et al., 2013 and Peatman et al., 2014).

The MJO influence on precipitation also extends to
extreme events (Zhang, 2013). On a global scale, the
occurrence of extreme rainfall events, defined as
precipitation exceeding the 75" percentile of the
frequency distribution, is about 40% more frequent during
active MJO periods than during its quiescent periods
(Jones et al., 2004). Extreme rainfall, defined as
precipitation exceeding the 75" and 90" percentile of the
frequency distribution in the contiguous United States in
boreal winter shows sensitivity to the MJO whereby the
probability of occurrence of the extreme rainfall events is
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twice as high when the MJO is active than inactive (Jones
and Carvalho, 2012). Martin and Schumacher (2011)
found that extreme rainfall with high rain rates was more
frequently observed over the Caribbean during the MJO
phases 1 and 2. The MJO impact on extreme rainfall
leading to severe floods was studied by Zhu et al. (2003);
Barlow et al. (2005); Aldrian (2008) and Tangang et al.
(2008).

Even though the relationship between ENSO
extremes and rainfall in SL has been well studied
(Rasmussen and Carpenter, 1983; Suppiah and Yoshino,
1986; Ropelewski and Halpert, 1987; 1989; Suppiah,
1997; 1996; Kane, 1998; Sumathipala and Punyadeva,
1998; Punyawardena and Cherry, 1999; Malmgren et al.,
2003; Zubair and Repelewski, 2006), in regard to SL
rainfall, however, little has been done to see the impact of
the MJO on rainfall during all seasons in SL. Out of 4
climatic seasons, SIM is characterized by significant inter-
annual and intra-seasonal variability. Previous studies
identified ENSO and 10D seems to play a major role in
the variability of the SIM rainfall on the sub-seasonal time
scale. The SIM rainfall is enhanced (suppressed) by the
EL Nino (La Nina) (Rasmussen and Carpenter, 1983;
Suppiah, 1997; Zubair and Repelewski, 2006) and
Positive (Negative) 10D (Chandimala and Zubair, 2007).
However, there are only a few studies addressing the
intra-seasonal  characteristics of climatic  seasons.
Analyzing Global Precipitation Climatology Project
(GPCP) rainfall data, Vialard et al. (2011) identified that
the intra-seasonal rainfall anomalies over southern India
and SL are significantly associated with the MJO from
January to March. Given the location of SL near the heart
of the MJO’s convective envelope, SL is in a prime
location to take advantage of recent advances in MJO
prediction lead, being approximately three to four weeks
at present (Gottschalck et al., 2010; Rashid et al., 2011;
Zhang, 2013; Marshall et al., 2012; Neena et al., 2014).

The main objective of this paper is to investigate the
impact of the MJO on mean rainfall as well as on extreme
rainfall events in SL for four climatic seasons such as FIM
(15-March to 15-May), SWM (16-May to 15-September),
SIM  (16-September to 30 November) and NEM
(1 December to 14 March). The corresponding large-scale
lower tropospheric circulation and convective anomalies
will also be analyzed to explain the impact of the MJO on
the observed local rainfall.

Although the MJO exists all year-round, its strength
undergoes a strong seasonal cycle, being strongest in
boreal winter and weakest in boreal summer (Madden and
Julian, 1994; WHO04). Furthermore, the MJO shows a
complex character with prominent northward propagation
and variability extending much further from the equator

Fig. 1. Locations of 44 rainfall stations in Sri Lanka as used in this
study

during boreal summer (Madden and Julian, 1994). Some
studies indicate that the MJO cannot capture the
northward propagating monsoon intra-seasonal oscillation
completely (Lee et al., 2013) during the Summer
Monsoon season. Due to the near equatorial location, we
assume that the MJO might be able to capture the intra-
seasonal rainfall variability over SL during SWM season.

The remainder of the paper is organized as follows.
Descriptions of the data and analysis method used are
presented in section 2. In section 3, the variation of rainfall
with respect to the MJO at different seasons & corresponding
large-scale circulation and convective anomalies are
investigated. Summary and discussion is presented in
section 4 & conclusion is presented in section 5.
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Fig. 2. Example phase diagram of RMM index (Wheeler and Hendon,
2004) for the period 20 November, 2007 to 10 January, 2008.
Eight phases and corresponding approximate locations of
enhanced convective signals of the MJO are labelled, e.g., the
“Indian Ocean” for phases 2 and 3. Points within the unit circle
represent weak MJO

2. Data and methodology
2.1. Rainfall data

Daily rainfall data used were from 44 stations (Fig. 1)
in SL covering the period from 1981-2010, collected,
compiled and quality controlled by the Department of
Meteorology, SL. Station rainfall data is used in this
study because: (i) it is available for a long period, 1981-
2010; (ii) it can highlight small spatial-scale variability
better than some gridded satellite products and (iii) it can
serve as a ground-truth to later work with high-resolution
satellite-based products. Some of the data from these
stations for the period 1981-2010 were missing. Out of 44
stations 60% of had less than 1.5% of days missing. Nearly
90% of stations had less than 5% of days missing. Stations
located in the northern part of SL have more than 10% of
days missing. Nearly 30% of daily rainfall data are not
available at the Jaffna meteorological station, owing to
frequent disruptions caused by civil unrests there. Due to
the limited and sparsely distributed stations in the northern
and eastern part of the country, Climate Hazards Group
Infra-Red Precipitation with Station data (CHIRPS; Funk
et al., 2015) from 1981-2010 were also analysed and
composite maps based on CHIRPS data indicate similar
results (not shown). However, we also note that satellite-
based rainfall products such as CHIRPS have their own
problems, especially in mountainous terrain and around
coasts (Rauniyar et al., 2017), so the results from both

rainfall products require careful interpretation. While
comparing with 30 year averages (1981-2010) of station
data [Fig. 3(e)] with CHIRPS data [Fig. 3(f)], it is evident
that CHIRPS data under estimate the orographic rain
[Figs. 3(f&g)] in Sri Lanka.

2.2. MJO index

The Real-time Multivariate MJO (RMM) index
developed by WHO04 defines the MJO through projection
of daily anomaly data onto the leading pair of empirical
orthogonal functions (EOFs) of the combined fields of
equatorially-averaged (15° S-15° N) Outgoing Longwave
Radiation (OLR), 850 hPa zonal wind and 200 hPa zonal
wind, to obtain two principal component time series
(called RMM1 and RMM2). The RMM1 and RMM2
indices define a 2D phase space. This phase space is used
to define eight “strong” MJO phases, each corresponding
to the geographical position of its active convective center
(labeled 1-8 in Fig. 2) and a “weak MJO” category
defined when the amplitude is less than 1 (within the
circle representing weak MJO, Fig. 2). These phases
make up a full MJO cycle originating from the western
Indian Ocean and decaying over the central Pacific. For
instance, phases 2 and 3 mark the time when the MJO’s
convective envelope is centered over the western and
eastern Indian Ocean and phases 6 and 7 over the western
Pacific.

2.3. Observed and re-analysis data

Observed Outgoing Longwave Radiation (OLR) data
from the National Oceanic and Atmospheric
Administration (NOAA) polar-orbiting satellites are used
as a proxy for deep tropical convection. Interpolation is
applied separately to the “day” and “night” maps to
remove missing data and these maps are then averaged to
provide a single daily map on a 2.5° grid as described by
Liebmann and Smith (1996).

Zonal (u) and meridional (v) winds at 850 hPa level
from 1981 to 2010 are obtained from the National Centers
for Environmental Prediction-National Center for
Atmospheric  Research  (NCEP-NCAR)  re-analysis
(Kalnay et al., 1996) on a 2.5° grid to create composite
maps of circulation.

2.4. Composite analysis

Composites of rainfall and circulation are computed
for each of the eight phases of the MJO and separately
during each season (SWM, NEM, FIM, SIM) using data
for the 30 years from 1981-2010. Following WHO04, the
MJO is conveniently divided into eight phases, with each
phase lasting an average of about 6 days. Here we use
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Figs. 3(a-g). (a) Contribution of Seasonal rainfall to annual rainfall as a percentage (%) for four climate seasons,
(b) Weekly mean rainfall (mm) for four climate seasons, (c) Weekly median rainfall (mm) for four climate
seasons, (d) Threshold for 90™ percentile of weekly rainfall (mm) for four climate seasons, (e) Annual
average of rainfall (mm) from station data (1981-2010), (f) Annual average of rainfall (mm) from CHIRPS
data (1981-2010) and (g) Difference of Annual average rainfall (mm) between CHIRPS and station rainfall

7-day running mean (overlapping weekly) rainfall data for
rainfall composite analysis. For the overlapping weekly
data, we formed composites using the MJO category
occurring on the middle day, providing the best estimate
of the contemporaneous relationship. Subtracting the
mean value at each phase at a particular station from the
climatological mean of that station for each season
produces the composite anomalies.

The MJO being a major source of global
predictability on the sub-seasonal time scale (Waliser,

2005), probability composites provide useful information
for extended range forecasting. Probability composites for
rainfall are generated with total rainfall data R (t) by
counting the number of days at each station for each
composite phase for which R is greater than a predefined
rainfall threshold T and then dividing by the total number
of days in that composite phase to form a probability. The
threshold T can be a function of the station and the season.
Here we show results using T set to the median and
highest decile (i.e., the 90™ percentile) of weekly rainfall
at each station.
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Figs. 4(a-c). MJO composites of weekly rainfall probabilities. (a) [Rainfall probabilities refer to the chance of weekly
rainfall exceeding the median, expressed as a ratio with the mean probability], Composite Maps of weekly
rainfall anomaly, (b) [Black large, medium and small solid circles denote the stations that pass the 99%, 95%
and 90% significance tests, respectively, based on the Student’s t test. Open circles indicate the stations with
no significance. The maximum and minimum numbers of recorded days in each phase at the 44 stations are
given in the upper-right corner of each phase], composites of weekly rainfall probabilities, weekly rainfall
exceeding the 90" percentile and (c) for FIM season for phases 1-8

Statistical significance for the composites was composites were estimated to be significantly different
judged using a local t-test applied to the difference between from zero at the 95% confidence level. The formula is :
two sample means. For each MJO phase, the null hypothesis

of the field test is that there are no significant differences ZN F’l
between the composite anomalous field and zero f = =1 N
(Shiryaev, 1996). T oJ1IIN

Compared with daily rainfall data, 7-day running
mean rainfall data is less skewed with an approximate
normal distribution allowing the t-test to be used. The for different MJO phase categories, F' is the daily anomaly

where, 3° F_'z F' is the anomaly field composite
N ~ N
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field for different MJO phase categories, o is the daily
standard deviation of the particular season and N’ is the

- - - - 1_ 1_
effective sample size approximation by N' = Nﬁﬁ

(Wilks, 2006), N is the number of days in each MJO phase
andp is the lag-1 autocorrelation coefficient of particular
season (Jia et al., 2010).

3. Results

The analysis of MJO-related variations of rainfall
and circulation is performed and described separately for
the seasons SWM, FIM, SIM and NEM, as defined above.
For each of these seasons over the analysis period
(1 January, 1981 to 31 December, 2010) of this study, the
number of days under each of the 8 strong MJO phases is
given in Table 1. For example, there are 146 days in the
MJO phase 1 during the FIM season for the 1981-2010
period. The number of days under each of the MJO phases
is slightly different for some stations due to missing data
[the maximum and minimum numbers in each panel of
Figs. 4(b), 6(b), 8(b), 10(b)].

3.1. FIM season

Looking first at the mean rainfall of the FIM season
[Fig. 3(b)], the southwestern quarter receives over 30 mm
of weekly mean rainfall with the peak greater than 60 mm
per week over the western slope of the central highlands.
Most other parts have weekly mean rainfall around
10-30 mm. During the Inter-monsoon seasons (i.e., both
FIM and SIM) most convective activity is associated with
the formation of mesoscale circulations due to differential
heating caused by horizontal variations in land surface
characteristics.

Figs. 4(a&b) show the composite maps of probability
of receiving above median weekly rainfall and weekly
rainfall anomaly respectively for the 8 different categories
of the MJO during FIM. There is a higher chance of
occurrence of above median rainfall over northwest and
southeast quarters during phases 1 and 2 [Fig. 4(a)].
Similarly, the rainfall anomalies are slightly positive over
western parts, except southwestern coastal region during
phase 1 and the anomalies are positive over most parts of
SL during phase 2 [Fig. 4(b)].

Fig. 5 reveals the low-level circulation pattern and
large-scale convective activity associated with the MJO by
the negative OLR anomaly. Note that this and later OLR
composites are for slightly different seasons to those
displayed in Wheeler and Hendon (2004), but our detailed
comparisons show that they are consistent. During phase
2, the large-scale MJO envelope with negative OLR
anomaly is located over SL. The positive rainfall anomaly

TABLE 1

The number of days under each of the 8 strong MJO Phases
(RMM 2 1) and weak MJO Phases (RMM<1) during the 30 SWM,
FIM and SIM seasons and 29 NEM seasons from 1981 to 2010

MJO Phase FIM SWM SIM NEM
1 146 375 173 183
2 151 314 196 240
3 181 176 151 295
4 157 199 179 245
5 127 283 223 229
6 138 291 193 240
7 143 229 133 309
8 137 240 150 251

Weak MJO 680 1583 882 1031

pattern all over the island [Fig. 4(b)] with higher
probability of receiving above median rainfall over the
north western and south eastern parts in phase 2
[Fig. 4(a)], appears to be a direct influence of the MJO
envelope. Noticeable changes in the strength of the
positive rainfall anomalies are also evident in the eastern
parts [Fig. 4(b)] due to easterly wind anomaly present in
phase 2 (Fig. 5).

Probability composites suggest that rainy activity is
confined to the southern part of the country in phase 3
[Fig. 4(a)], but anomaly composites indicate slightly
positive rainfall anomaly over the north and north eastern
parts in phase 3 [Fig. 4(b)]. During phase 3, the MJO
envelope with negative OLR anomaly is still located in the
Indian Ocean but the convective core has moved to south
of SL. During phase 4 neutral conditions appear over most
parts of the island. Then, reduced rainfall activity is
evident from phases 5 to 7 with widespread suppressed
rainfall activity in phase 6. Large-scale suppressed
convective activity with positive OLR anomalies is
apparent over SL during phases 6 and 7 [Fig. 5).
Anomalous anticyclonic circulation also appears in the
southwest Bay of Bengal (BoB) in phase 7. With the
eastward movement of suppressed MJO activity into
Maritime continent in phase 8, slightly above normal
rainfall is evident over west northwest parts of the island
[Fig. 4(b)]. As there is no predominant wind flow over SL,
variable light winds prevail during the FIM season in the
absence of large-scale external forcing. The effect of land-
sea breeze circulation is prominent along the coastal
regions. This may be linked to coastal convergence with
lower tropospheric anomalous easterly winds [Fig. 5] in
phase 8.

In this study extreme events are defined as 7-day
running mean (over lapping weekly) rainfall exceeding the
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Fig. 5. Composite OLR (shaded) & 850-hPa wind (streamlines) anomalies for MJO phases during FIM (Region : 25° N-15° S,

40° E-120° E)

90" percentile. As the extreme events defined for the 95%
threshold (not shown) indicate that the phases and spatial
patterns of the MJO impact is quite similar to the impact
on the 90% threshold [Fig. 3(d)], we assume that the 90%
threshold might be able to capture the MJO influence on
extreme rainfall events in SL.

Fig. 4(c) represents MJO composites of weekly
rainfall probabilities, weekly rainfall exceeding the
90™ percentile (shading) for FIM seasons for phases 1-8.

Higher chance of occurrence of extreme precipitation
events during FIM season can be seen during phase 2
compared with the other MJO phases [Fig. 4(c)].

3.2. SWM season

During the SWM season, the western slopes of
central highlands receive over 120 mm weekly mean
rainfall and the southwestern coastal belt around
50-70 mm [Fig. 3(b)]. The intra-seasonal variation of SWM
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Figs. 6(a-c). As in Fig. 4, but for the SWM

rainfall distribution over SL associated with various
phases of eastward propagating MJO life cycle is
examined to understand the mechanism linking the MJO
to the intra-seasonal rainfall variability in SWM.

During phase 1, isolated patches of above normal
rainfall anomalies are evident in the western, north eastern
and south eastern parts of SL [Fig. 6(b)]. Composites
probability maps also reveal the same spatial pattern
during phase 1 [Fig. 6(a)]. Large-scale circulation pattern
reveals an anomalous easterly winds over SL that weakens
the southwest monsoon wind flow (Fig. 7). Coastal
convergence may play a role in above normal rainfall
anomaly in the southwest parts in phase 1. During phase
2, widespread positive rainfall anomalies can be seen all

over the country, with enhanced rainfall anomalies over
the western slopes of central hills [Fig. 6(b)]. Most
importantly, the majority of stations located in the north
eastern, eastern and north western parts (dry zone) receive
positive rainfall anomalies exceeding 100% relative to the
climatological seasonal mean in phase 2. The MJO
envelope with convective core, located in the vicinity of
SL and anomalous cyclonic circulation located to the
southwest of SL, together are responsible for the positive
rainfall over SL in phase 2 (Fig. 7). In general, the dry
zone (i.e., the northern and eastern parts of SL) where the
seasonal median drops to 0 mm week ™ [Fig. 3(c)] receives
less rainfall during SWM season. During phase 1, there is
a higher probability of increasing rainfall activity over the
dry zone. Enhanced probability of rainfall exceeding the
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Fig. 7. As in Fig. 5, but for the SWM

median is evident all over the country in phase 2 with a
greater chance (more than 80%) of receiving rainfall over
the dry zone [Fig. 6(a)].

Higher probability of receiving wet conditions over
the western and southern parts including the western
slopes of the central hills is obvious in phase 3 [Fig. 6(a)]
with anomalous westerly flow feeding into an anomalous
cyclonic circulation centered in southwest BoB (Fig. 7),
enhancing the monsoonal flow bringing above normal
rainfall anomalies over the south western part of the

country [Fig. 6(b)]. In phase 4, the rainfall anomaly
pattern was similar to that of phase 3, with a further
northward movement of anomalous vortex over BoB that
strengthens the monsoonal flow across SL. Anomalous
westerly flow still persists in phase 5 but the anomalous
cyclonic circulation center moves further northward.
Western slopes of the central hills receive slightly above
normal rainfall, but the western coastal areas receive
below normal rainfall in phase 5. Phases 6, 7 and 8 are
associated with the dry signal over SL. A dry condition
over the north eastern parts of SL is evident from
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Figs. 8(a-c). As in Fig. 4, but for the SIM

phases 4 to 6 with gradual expansion of the area of
reduced rainfall activity [Fig. 6(a)]. A widespread dry
condition is evident in phase 7. Reduction of rainfall
activity over western slopes of central hills is obvious in
phase 8 [Fig. 6(b)]. Anomalous anti-cyclonic circulation is
evident over the vicinity of SL during phases 6 to 8

(Fig. 7).

There is a higher chance of occurrence of extreme
rainfall events over low-lying areas in the southwest part
which is vulnerable to floods in phases 2 and 3 and the
western slopes of central hills vulnerable to landslides
during phase 3 [Fig. 6(c)].

3.3. SIM season

The SIM season shows the uniform distribution of
rainfall over SL. Almost the entire island receives in
excess of 40 mm of weekly mean rain during this season,
with the southwestern slopes receiving high weekly mean
rainfall in the range 75 mm to 120 mm [Fig. 3(b)]. There
is a prominent increase of rainfall due to the overhead
position of the ITCZ as it moves southward movement
(Suppiah, 1996). The influence of depressions is common
during SIM (Malmgren et al., 2003), when the whole
country experiences strong winds with widespread rains,
sometimes leading to floods and landslides.
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Fig. 9. As in Fig. 5, but for the SIM

It is clearly evident that during the MJO’s life cycle,
the strongest signal can be seen during SIM, the transition
period from SWM to NEM [Figs. 8(a&b)]. It is obvious
that widespread wet conditions prevail during phases 1 to
3 while widespread reduced rainfall activity prevails
during phases 5 to 7. The transition from widespread wet
conditions to dry conditions can be seen in phase 4 and
conversely in phase 8.

There is enhanced probability of rainfall
activity over the entire country from phases 1 to 3
with a 70% chance of receiving above median rainfall
over the north eastern parts in phase 1, over the
south western and eastern parts (such as Ampara and
Batticoloa districts) in phase 2 and along the north
eastern, eastern and south eastern coastal belt in
phase 3 [Fig. 8(a)].
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During the suppressed rain activity which is evident
from phases 5 to 7, the probability drops to below 30%
over the northern, north eastern and south eastern parts in
phase 5, northwestern parts in phase 6 and over
northern parts in phase 7 [Fig. 8(a)]. The transition from
wet to dry conditions is evident in phase 4 with higher
probability of rainfall over western parts and suppressed
rainfall with lower probabilities over eastern parts
[Fig. 8(a)] and dry to wet conditions is apparent in phase
8 with enhanced probability of rainfall over northeastern
parts.

Convective core with negative OLR anomalies are
evident to the west of SL in phases 1 and directly over SL
in phases 2 and 3 (Fig. 9). Large-scale circulation pattern
reveals an anomalous easterly winds over SL in phase 1

(Fig. 9) resulting above normal rainfall [Fig. 8(b)] in the
eastern parts of the country. Coastal convergence may
contribute to above normal rainfall anomaly in the western
parts in phase 1 [Fig. 8(b)].

Enhanced likelihood of rainfall during phases 2
and 3 [Figs. 8(a&b)], occurs in conjunction with
anomalous trough to the west of SL and cyclonic
circulation to the northwest of SL respectively (Fig. 9).

Suppressed convection with positive OLR anomalies
are evident to the west of SL in phases 5 and directly over
SL in phases 6 and 7. Suppressed rainfall in phases 6 to 7
[Figs. 8(a&b)] occurs in conjunction with anomalous
divergence to the west of SL and anti-cyclonic circulation
to the northwest of SL respectively (Fig. 9).
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Fig. 11. Asin Fig. 5, but for the NEM

As there is no predominant wind flow across the
country during this season, anomalous westerlies in phase
4 and anomalous easterlies in phase 8 brings enhanced
rainfall to the western parts and eastern parts of the
country, respectively [Figs. 8(a&b) and Fig. 9].

During SIM, the entire country experiences long
spells of widespread rains, sometimes leading to floods
and landslides. Low lying areas in the north eastern parts
have a higher chance of the occurrence of extreme rainfall
events during phases 1, 2 and 8 that may lead to floods

[Fig. 8(c)]. During phase 2, there is an enhanced
probability of receiving heavy rainfall in landslide and
flood prone areas in the southwest quarter [Fig. 8(c)].
There is a higher chance of occurrence of extreme rainfall
events over the northwestern and southeastern parts during
phase 3. Even though convective activities play an
important role during the FIM and SIM seasons, the
influence from large scale external forcing associated with
the MJO is more prominent during SIM than FIM as
indicated by the higher/lower probabilities of rainfall
exceeding the median [Fig. 8(a) compared to Fig. 4(a)].
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3.4. NEM season

During NEM season, moist wind blowing from BoB
produces seasonal rainfall in the eastern parts of the
country [Fig. 3(b)]. Highest rainfall figures are recorded in
north- eastern slopes of the hill country and eastern slopes
of the Knuckles/Rangala range. Westward propagating
high frequency equatorial waves such as easterly waves
and equatorial Rossby waves play an important role in the
enhancement of rain activity over SL during NEM (IMD,
1973). On the other hand, cool dry weather can be
experienced over many parts of the country, when
northerly to northeasterly winds blows from the high-
pressure centers located over the Indian landmass
(www.meteo.gov.IK).

The NEM is the season when the rainfall variability
is less affected by the MJO. There is a higher probability
of increasing rainfall activity over the interior parts of the
southwest quarter, southeastern parts and northern part
during phase 2 and over southeastern parts and
northwestern parts in phase 3 [Fig. 10(a)]. The rainfall
anomalies are positive over the entire SL with evidence of
enhancement of wet conditions in phases 2 and 3
[Fig. 10(b)]. Suppressed rainfall is evident over
southeastern parts, northern and northeastern parts in
phases 5 and 6 and southwestern parts in phase 7. Signal
is weak during phases 1, 4, 8 [Figs. 10(a&b)].

The anomalous easterly winds over SL in phase 1
have strengthened the NEM flow resulting in above
normal rainfall anomalies over the eastern part of SL
(Fig. 11). The MJO envelope with convective core is
located to the south and southeast of SL in phases 2 and 3
respectively (Fig. 11). Convergence of anomalous easterly
winds over SL in phase 2 (Fig. 11) and anomalous
cyclonic circulation pattern in the southwest BoB in phase
3 (Fig. 11) enhances the rainfall activity over most parts of
the country in phases 2 and 3 [Fig. 10(b)]. The dry
conditions with negative rainfall anomalies can be seen
from phases 4 to 7 especially over the northeastern parts.
In phase 8, weakening negative anomalies over most of
the island are evident.

There is a higher chance of occurrence of extreme
rainfall events over eastern slopes of central hills,
vulnerable to landslides in phase 2 and over low lying
areas vulnerable to flood in southeastern coastal areas in
phases 2 & 3 and northwestern parts in phase 3 [Fig. 10(c)].

The large-scale OLR anomaly pattern shows that the
negative OLR anomalies associated with enhanced
convection and positive OLR anomalies associated with
subsidence areas have moved south of equator during
NEM (Fig. 11).

The southward shift of the MJO envelope with
convective core away from the equator during NEM,
slightly reduces the impact of the MJO on NEM rainfall
especially in the composites of probability of receiving
above median rainfall [Fig. 10(a)]. Conversely,
widespread positive rainfall anomalies in phases 2 and 3
that are not clearly evident in probability composite maps
indicate that the occurrence of extreme rainfall events may
notably influence the rainfall anomaly in NEM [Fig. 10(b)].

4. Discussion

It is identified that the greatest impact of the MJO on
SL occurs during the SIM season. The economic
importance of intra-seasonal rainfall variations in SIM is
considerable because the major agricultural season called
“Maha” starts with the onset of SIM. Nearly 72% of
paddy rice, which is one of the principle crops of SL, is
grown during the Maha season (September to March) in
dry areas, where water resources are stressed (De Silva
et al., 2007). Both deficient and excess rainfall conditions
have been found to significantly contribute to the
reduction of rice yields (Yoshino and Suppiah, 1983).
There is also variability in the sowing dates and duration
of cultivation within the island (Yoshino and Suppiah,
1983). Therefore, it seems likely that better rice
production planning decisions could be made with the
information contained in this paper.

Influence of the MJO on SWM seasonal rainfall is
also significant. Long lasting monsoon rain may result in
floods in the low-lying areas and landslides in hilly areas.
Rains can be experienced at any time during the day and
night. Changing patterns of SWM rainfall as well as the
frequency of the occurrence of extreme events often cause
severe floods or droughts and greatly impact people’s
daily lives, the development of economy and agriculture.
For instance, SL’s power generation is highly dependent
on hydropower facilities and most of the hydropower
reservoirs are located along the western slopes of the
central hills that receive substantial amount of rainfall
during SWM. Hence, Intra-seasonal rainfall variability in
SWM would have a significant impact on hydropower
generation of SL.

Convection during the FIM period is often isolated
and localized predominately over land, generally initiated
by sea breezes and other local circulations and orography
(Suppiah and Yashino, 1984). Scale interaction of rainfall
and its modulation by intra-seasonal scale phenomena
(Ichikawa and Yasunari, 2008) may also play an important
role during FIM. According to Slingo et al. (2003), scale
interaction is defined as the process that describes the
influence of the large-scale and low-frequency variability
on small spatial scale high-frequency variability of the
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climate system and vice versa. The MJO is considered to
be large spatial scale low-frequency variability, whereas
mesoscale convective phenomena are small in spatial
scale and have a high frequency. The large-scale MJO
envelope of precipitation is comprised of many smaller
mesoscale weather systems (Nakazawa, 1988), embedded
in individual cumulonimbus elements. The large-scale
conditions in the MJO provide the environment to develop
small-scale convective clouds (Zhang, 2005).

Previous studies have emphasized the pronounced
seasonal variation of the MJO activity, with strongest
activity shifting south of the equator in late boreal winter
(Salby and Hendon, 1994; Zhang and Dong, 2004).With
the southward shift of the MJO envelope during boreal
winter (Salby and Hendon, 1994; Zhang and Dong, 2004;
Zhang, 2005), direct impact of the MJO is slightly reduced
during the NEM season.

5.  Conclusions

The impact of the MJO on intra-seasonal rainfall
variability in SL is examined using 30 years of data from
1981-2010. Composites of weekly rainfall anomalies,
probability of receiving above the median weekly rainfall
and probability of receiving above the highest decile
weekly rainfall are constructed for each of the eight strong
MJO phases. Real-time multivariate MJO index (WHO04)
and daily rainfall data from 44 stations are used over SL
for four climatic seasons, namely SWM from mid-May to
mid-September, NEM from December to mid-March and
the transition periods between two monsoon seasons
called FIM and SIM seasons.

Considering all four seasons, SL rainfall appears to
be directly influenced by the MJO’s tropical convective
signal with the largest positive anomalies in phases 2 and
3 when the MJO convective envelope is located over the
Indian Ocean and largest negative anomalies in phases 6
and 7 when the MJO convective envelope is located over
the western Pacific. Of the four seasons, the greatest
impact occurs during SIM with well-marked wet signals
in phases 1 to 3 and dry signals in phases 5 to 7,
respectively. The MJO’s impact on SL rainfall during
SWM s also significant with wet signals in phases 2 to 4
and dry signals in phases 6 to 8. A relatively smaller MJO
influence is found in the other two seasons (FIM and
NEM) with wet signals in phases 2 and 3 and dry signals
in phases 5, 6 and 7.

Composites of lower tropospheric wind and
convective anomaly are also investigated in order to
examine how the rainfall anomalies are associated with
large-scale low-level circulations. It is obvious that low-
level circulation anomalies play a major role in

enhancement and suppression of rainfall activity during
different phases of the MJO in all seasons. Anomalous
vortices in the vicinity of SL aid in the production of
widespread rainfall over the island. Westerly anomalies
associated with anomalous vortices in BoB during phases
3 to 4 in SWM season enhance SWM flow producing
copious rainfall over southwest quarter especially over the
western slopes of the central hills. Similarly, easterly
anomalies connected with the anti-cyclonic circulations in
the BoB in phases 6 to 8 during SWM season weaken the
monsoonal flow, bringing in suppressed rainfall activity
over the southwest quarter. The MJO influence during
Northeast Monsoon (NEM) season is reduced as a result
of southward shift of the MJO envelope (Salby and
Hendon, 1994; Zhang and Dong, 2004; Zhang, 2005) with
convective core away from the equator during boreal
winter.

Modulation of extreme rainfall events by the MJO
over SL is also investigated in this study. These extreme
rainfall events can bring serious economic losses with
great social damages. Modulation of extreme events by
the MJO may play an essential role in the prediction of
extreme events, which implies a substantial improvement
in planning and preparedness for such events.

Occurrence of extreme events is more frequent
during phase 2 in the FIM, phases 2 and 3 in the SWM,
phases 1, 2 and 3 in the SIM and phases 2 and 3 in the
NEM season. According to Ratnayake and Herath (2005),
most of the landslides occur in SL during SIM, SWM and
NEM seasons. Southwestern slopes of Rakwana mountain
range and western slopes of central hills vulnerable to
landslides have a higher chance of occurrence of extreme
rainfall events during phases 2 and 3 in SWM season and
phase 2 in SIM season respectively. Southeastern slopes
of central hills, which are vulnerable to landslides, have
higher chance of occurrence of extreme rainfall events
during phase 2 in NEM season. There is an enhanced
probability of receiving heavy rainfall in flood prone areas
in the low lying region in the northeastern and eastern
parts during phases 1, 2 and 8 in SIM and in phases 2 and
3 in NEM season and southwest quarter in phase 2 in
SWM season. There is a higher chance of occurrence of
extreme rainfall events over western parts in phase 3
during NEM season.

This study finds that rainfall variability over SL is
greatly influenced by the MJO modulated circulation. The
analysis provides a useful reference as to when and where
the MJO has significant impacts on SL rainfall variability
as well as extreme rainfall events during four climatic
seasons. This information can be used along with the
accurately predicted MJO phase by dynamical or statistical
models, to improve extended range forecasting in SL.
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