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This study examines the impact of strong Madden-Julian Oscillation (MJO) phases (P1-P8) on diurnal
rainfall patterns focusing on Afternoon Diurnal Convection (ADC) events in Sri Lanka during
2001-2020 spring and autumn. Daily mean rainfall increases (decreases) during the P2-to-P3 (P6-to-
P7) MJO phases in both seasons, while the diurnal rainfall amplitude peaks during the P2-to-P3 (P8-to-
P1) MJO phases in spring (autumn). ADC events also occur more frequently and intensely during MJO
P2-to-P3 (P8-to-P1) in spring (autumn). The MJO’s modulation of diurnal rainfall amplitude and ADC
events is more apparent in autumn than in spring. Active MJO phases enhance the westward
propagation of diurnal rainfall associated with ADC events, sustained by moisture flux convergence
and enhanced upward motion. The prevailing mid-to-upper level easterly wind, combined with deep
convection over Sri Lanka, contributes to amore pronounced westward propagation during the P2-to-

P3 (P8-to-P1) phases for ADC events in spring (autumn).

The Madden-Julian Oscillation (MJO)"* is a key intraseasonal mode in the
tropical atmosphere™. It generally features a 30-to-90-day oscillation period
with a gradual eastward movement of tropical convective activity, extending
from the western Indian Ocean, passing over Sri Lanka, and dissipating
beyond the dateline’*. MJO events can impact weather and climate patterns
in the tropical Indo-Pacific region™'*, including Sri Lanka'. It was noted
that during the MJO’s active period over the tropical Indian Ocean, clouds
tend to be primarily deep and widely organized, resulting in frequent and
intensive convective activities'>'*'*".

The distinct phases of MJO propagation and their associated atmo-
spheric thermodynamic changes not only affect extreme rainfall
formation'***' but can also exert a substantial influence on diurnal rainfall
variability in various regions, particularly in tropical islands™""'*"'**, Sev-
eral studies'>*” have emphasized the MJO’s influence on the diurnal
characteristics of convective rainfall and its subsequent offshore movement
from tropical islands to the surrounding oceans. For instance, research has
shown that during active (inactive) MJO phases, diurnal rainfall amplitudes
over India generally increase (decrease)**. Similarly, studies over the
Maritime Continent’>”** reported enhanced (weakened) diurnal cycles of
rainfall during active (inactive) MJO phases.

Regarding diurnal rainfall propagation, diverse impacts of MJO’s
influence are observed in different regions. Mishra et al.” reported that the

diurnal convective systems developed along the east coast of India propagate
in a north-west to south-east direction in summer, where the inactive MJO
phases show weakened diurnal convection compared to active MJO phases
over India and the Bay of Bengal. Prajwal et al.”” found eastward diurnal
rainfall propagation influenced by the MJO during summer over the
Western Ghats, India. Conversely, Zhu et al.”® observed westward diurnal
rainfall propagation over Sumatra, Indonesia, in winter under MJO influ-
ence. Additionally, Ichikawa and Yasunari® connected diurnal rainfall
propagation over Borneo, specifically towards the leeward side of the island,
and large-scale low-level tropospheric winds associated with the MJO.
These differences in the MJO’s modulation of diurnal rainfall propagation
direction across various regions>***** highlight how the MJO’s influence
on regional diurnal rainfall formation and propagation can vary with
location and season.

Sri Lanka, situated in the Indian Ocean between South India and
Sumatra (Fig. la), occupies a pivotal position within the propagation
pathway of the MJO". Analyzing rainfall variation in Sri Lanka s critical for
understanding the MJO’s influence on regional rainfall’”**”". Earlier
studies'**"" have indicated that more intensive daily mean rainfall occurs
over Sri Lanka when the active phase of MJO propagates into the Indian
Ocean (i.e., in phase 2 and 3 denoted as P2-to-P3 hereafter; see Methods
section for definition). Regarding diurnal rainfall variation, Huang et al.”!

"Department of Earth Sciences, National Taiwan Normal University, Taipei, Taiwan. 2College of Ocean and Meteorology, Guangdong Ocean University,

Zhanjiang, China. e-mail: wrhuang@ntnu.edu.tw

npj Climate and Atmospheric Science| (2024)7:42


http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-024-00586-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-024-00586-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-024-00586-5&domain=pdf
http://orcid.org/0000-0002-2171-4075
http://orcid.org/0000-0002-2171-4075
http://orcid.org/0000-0002-2171-4075
http://orcid.org/0000-0002-2171-4075
http://orcid.org/0000-0002-2171-4075
http://orcid.org/0000-0003-0431-0949
http://orcid.org/0000-0003-0431-0949
http://orcid.org/0000-0003-0431-0949
http://orcid.org/0000-0003-0431-0949
http://orcid.org/0000-0003-0431-0949
http://orcid.org/0000-0001-5782-4623
http://orcid.org/0000-0001-5782-4623
http://orcid.org/0000-0001-5782-4623
http://orcid.org/0000-0001-5782-4623
http://orcid.org/0000-0001-5782-4623
http://orcid.org/0000-0003-4610-2523
http://orcid.org/0000-0003-4610-2523
http://orcid.org/0000-0003-4610-2523
http://orcid.org/0000-0003-4610-2523
http://orcid.org/0000-0003-4610-2523
mailto:wrhuang@ntnu.edu.tw

https://doi.org/10.1038/s41612-024-00586-5

Article

Fig. 1 | Background information for illustrating
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recently demonstrated that the annual-averaged diurnal rainfall amplitude
over Sri Lanka is enhanced during P2-to-P3 of MJO. They also found that
the diurnal rainfall variation in Sri Lanka exhibits seasonal changes in the
direction of its subsequent offshore propagation. This observed seasonality
in diurnal rainfall patterns prompts the question of whether there are also
seasonal differences in the MJO’s modulation of diurnal rainfall char-
acteristics, including amplitude and propagation, over Sri Lanka. None-
theless, these documented studies mainly focused on the MJO’s impact on
the magnitude change of daily'*° or diurnal’ rainfall in Sri Lanka. A notable
knowledge gap exists in comprehending the effect of the MJO on the off-
shore propagation of diurnal rainfall in Sri Lanka.

Previous studies’"'***** investigating the MJO’s impact on diurnal
rainfall variation in different regions have primarily concentrated on either
the summer season, characterized by active local diurnal convection, or the
winter season, marked by active MJO convection. However, in the context of
Sri Lanka, it was known that spring and autumn exhibit greater diurnal
rainfall variability compared to winter and summer’" (Fig. 1b and Supple-
mentary Fig. 1). Therefore, this study specifically targets spring and autumn,
hypothesizing that the seasonal differences in diurnal rainfall variability over
Sri Lanka during spring and autumn might be attributed to the MJO
activities in these two seasons. It was known that during spring and autumn,
diurnal rainfall over Sri Lanka typically occurs in the afternoon, peaking
around 5 pm local time (hereafter denoted as afternoon diurnal convection
or ADC events). The ADC events then mainly propagated westward from
inland Sri Lanka to nearby seas from 5 pm to early morning’". This west-
ward propagation of diurnal rainfall during spring and autumn in Sri Lanka
differs from the eastward propagation of summer diurnal rainfall seen in
nearby South India' or the north-west to south-east movement of summer
diurnal convective systems along the east coast of India”. This disparity in
diurnal rainfall propagation directions implies that the findings of Prajwal et
al.” or Mishra et al.” in explaining the MJO modulation of diurnal rainfall
propagation over neighboring India may not be directly applicable to Sri
Lanka. Building upon these insights, we aim to examine diurnal rainfall
propagation over Sri Lanka and adjacent seas using the latest satellite

precipitation data for each MJO phase, an aspect that has not been explored
in prior research'”***",

Sri Lanka experiences the highest frequency of ADC events in the
Indian subcontinent region (Supplementary Fig. 2), highlighting the
importance of examining the variations of ADC events over Sri Lanka under
MJO’s influence. Inspired by Huang et al.”', who examined the MJO’s
influence on annual-averaged diurnal rainfall features over Sri Lanka, this
study focuses on strong MJO days and conducts specific examinations on
the frequency of ADC days during spring and autumn. By specifically
focusing on these seasons and the ADC weather pattern in the analysis, we
aim to answer two questions: (a) What are the differences in ADC char-
acteristics (including frequency, amplitude, and propagation direction)
during different MJO phases? (b) What underlying physical mechanisms
can explain the features mentioned in question (a)? Addressing these
questions will provide valuable insights into how the MJO modulates
rainfall characteristics over Sri Lanka and enhance our overall under-
standing of this phenomenon.

Results
General rainfall characteristics
Before examining the specific ADC events, we investigated the general
rainfall characteristics associated with strong MJO days (number of days for
spring and autumn documented in Fig. 1¢, d) to introduce the climatological
background and the seasonal variations observed over Sri Lanka. Statisti-
cally, the rainfall evolution during a day consists of two components: the
mean of 24-h rainfall (daily mean value) and the variation of diurnal rainfall
anomalies (without the daily mean value). According to Huang et al.”,
diurnal rainfall anomalies and their variability (measured by Eq. (3) in
Methods) are closely connected to the development of ADC events within a
day. Thus, we conducted separate examinations for the MJO’s modulation
on daily mean rainfall and diurnal rainfall variability to clarify any potential
differences between them.

Figure 2 reveals the detailed spatial distribution of daily mean rainfall
over Sri Lanka (zoom-in on the left panel) and the associated distribution of
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Fig. 2 | Climatological feature and MJO’s mod-
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the potential function of moisture flux convergence/divergence across a
larger domain (contour in the right panel). Climatologically (Fig. 2a, b),
more moisture flux convergence is observed over Sri Lanka and its adjacent
regions. The seasonal difference in moisture flux convergence leads to a
larger daily mean rainfall over Sri Lanka in autumn (Fig. 2b) compared to
spring (Fig. 2a). By examining the rainfall departure from Fig. 2a, b for each
of the four MJO phase clusters (Fig. 2¢, d), it becomes apparent that Sri
Lanka experiences maximum (minimum) daily mean rainfall in P2-to-P3
(P6-to-P7), corresponding to larger-scale tropical moisture convergence
(divergence) centered around the longitudinal region of Sri Lanka. These
findings regarding the MJO’s modulation on daily mean rainfall (see also
Supplementary Fig. 3 for the area-averaged value) are consistent with the
results of Jayawardena et al."”, who examined similar features based on daily
rainfall station observations over Sri Lanka. This similarity supports the
robustness of our findings, which are inferred from modern satellite pre-
cipitation data.

Some noteworthy seasonal differences revealed in Fig. 2¢, d warrant
additional research attention. For example, over a larger domain, the rainfall
band locations during P4-to-P5 shift from the south of the Maritime
Continent in spring to the north of the Maritime Continent in autumn (see
also Supplementary Fig. 4). A similar seasonal shift pattern is also noted by
prior studies®”™, indicating the seasonality of MJO’s modulation on the
regional rainfall distribution is a common feature seen in tropical islands.
Additionally, the MJO’s eastward propagation speed in the tropical regions
in autumn (Fig. 2d) seems slower than in spring (Fig. 2¢); this observation is
confirmed by the Hovmoller diagram of outgoing longwave radiation and
rainfall anomaly® averaged within 15°S-15°N (Supplementary Fig. 5a, b).
This seasonal difference in the MJO’s eastward propagation speed remains
consistent even when the focused area shifts from the tropics (15°S-15°N) to

the latitudinal zone of Sri Lanka (6°-9.5°N) (Supplementary Fig. 5¢, d).
However, within the narrower longitudinal span of Sri Lanka (80°-82°E), it
becomes challenging to discern the MJO’s influence on daily rainfall pro-
pagation, particularly inland. Notably, it might be possible to observe the
MJO’s modulation on the diurnal rainfall propagation, which is a more
pronounced pattern over Sri Lanka during spring and autumn®".

In addition to the daily mean rainfall, the diurnal rainfall
variability over Sri Lanka also demonstrates a strong MJO modula-
tion (Supplementary Fig. 6) and seasonal differences. The phase with
the largest (smallest) diurnal rainfall variability appears in P2 (P5) in
spring (Supplementary Fig. 6a). However, a different feature emerges
for autumn, where the largest diurnal rainfall variability is observed
in P1, one phase earlier than P2 (Supplementary Fig. 6b). The sta-
tistical analysis of the area-averaged diurnal cycle of hourly rainfall
data in autumn over Sri Lanka between P1 and P2 (Supplementary
Fig. 7) confirmed the significance of this phase difference, reaching at
a 95% confidence level. In terms of the associated spatial patterns,
Supplementary Fig. 6¢, d also shows that Sri Lanka experiences
maximum (minimum) diurnal rainfall variability during P2-to-P3
(P6-to-P7) in spring, whereas in autumn, this variability reaches a
peak (bottom) during P8-to-P1 (P4-to-P5). Moreover, the magnitude
difference between the maximum and minimum phase of diurnal
rainfall variability is more pronounced in autumn than in spring,
particularly over western Sri Lanka.

A comparison between Supplementary Fig. 3a, b with Supplementary
Fig. 6a, b further highlights the differences in the MJO’s modulation on the
daily mean rainfall and the diurnal rainfall variability over Sri Lanka. The
daily mean rainfall peaks in P2 for both spring and autumn, while the
diurnal rainfall variability peaks in P2 for spring but in P1 for autumn.
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(a) Contribution (%) of ADC days to strong MJO days: MAM
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Fig. 3 | Examinations on the occurrence frequency of ADC events. a The chance of
occurrence frequency of ADC events (Eq. (1) in Methods) for each grid box in the
different phases of MJO averaged during the spring of 2001-2020. ¢ The area-
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Fig. 4 | Examinations on the intensity of ADC events. a The area-averaged rainfall
intensity (daily mean; pink bar) and diurnal rainfall variability (DRV; blue line)
estimated from ADC days over Sri Lanka during strong MJO modulations over the

spring of 2001-2020. ¢ As in a, but for the spatial distribution of different MJO
clusters. b and d as in a and ¢, respectively, but for the autumn.

Considering that the larger diurnal rainfall variability is the main feature of
ADC events over Sri Lanka?, it is possible that the MJO’s modulation on
ADC events also exhibits differences in the peak phase similar to what was
observed in Supplementary Fig. 6a, b. To further clarify this inference, we
sequentially examined the occurrence frequency, intensity, and propagation
of ADC events during the strong MJO modulation in the next subsection.
Notably, the number of strong MJO days varies across phases and seasons
(Fig. 1c, d). Therefore, our analysis of ADC event frequency (Fig. 3)

primarily focuses on the occurrence percentage of ADC days relative to
strong MJO days (Eq. (1) in Methods) for each MJO phase, ensuring a more
logical and meaningful comparison.

Impact of MJO on ADC events

Figure 3a, b shows the spatial distribution of the occurrence percentage of
ADC days relative to the strong MJO days under four MJO phase clusters
during spring (autumn). Visually, in both spring and autumn, a higher

npj Climate and Atmospheric Science | (2024)7:42



https://doi.org/10.1038/s41612-024-00586-5

Article

Fig. 5 | Examinations on the diurnal propagation

of ADC events. a The longitude-time diagram of
hourly rainfall anomalies (daily mean removed)
averaged over the latitudinal zone (6°-9.5°N) of Sri
Lanka for the composites from ADC events under
strong MJO modulation during the spring of
2001-2020 (shaded and contoured). b is related to
a, but for the composites of ADC days in different
MJO phases (shaded area) superimposed with the
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probability of ADC events occurs around the mountainous region of Sri
Lanka for all MJO clusters. However, the maximum and minimum phase
for MJO’s modulation on the percentage contribution of ADC events to the
strong MJO days in autumn (Fig. 3b) differs from spring (Fig. 3a). In
autumn (spring), the percentage contribution is higher in P8-to-P1 (P2-to-
P3) and lower in P4-to-P5 (P6-to-P7). This slight difference in the MJO’s
modulation of ADC events between spring and autumn contributes to the
observed seasonal variations.

The related area-averaged value of ADC’s occurrence percentage for
each of the eight MJO phases is provided in Fig. 3¢, d for spring (autumn). A
seasonal difference is observed between Fig. 3¢ and d, where the maximum
(minimum) phase occurs in P2 (P6) for spring and in P1 (P5) for autumn.
Additionally, the magnitude difference between the maximum and mini-
mum values among the eight MJO phases is greater in autumn (Fig. 3d) than
in spring (Fig. 3c). This indicates that MJO’s impact on the occurrence
frequency of ADC events is more pronounced in autumn than in spring. To
examine whether the MJO’s impact on the ADC’s intensity (Eq. (2) in
Methods) also shows seasonal differences, we constructed the related area-

averaged rainfall intensity of ADC events for the eight MJO phases. Results
also show that ADC events are more intense during autumn (Fig. 4b) than in
spring (Fig. 4a).

Additionally, we noted from Fig. 4a, b (bars) that the largest magnitude
of rainfall intensity for ADC events occurs in P2 (P1) for spring (autumn),
while the smaller rainfall intensity of ADC events appears in P5 for both
spring and autumn. These phase changes in the intensity of ADC events
(Fig. 4a, b) not only roughly correspond to the phase change in ADC’s
occurrence percentage (Fig. 3¢, d) but also to the phase change in diurnal
rainfall variability (see line graph in Fig. 4a, b) under the MJO’s modulation.
In terms of spatial patterns, unlike the occurrence frequency (Fig. 3a, b), the
rainfall intensity distribution of ADC events (Fig. 4, d) is asymmetric, with
higher values observed over the western side of the central mountain range
(i.e., the windward side of low-level westerly wind**) compared to the eastern
side of the central mountain range for most MJO phases in both spring and
autumn. This spatial pattern also corresponds to the distribution of diurnal
rainfall variability (Supplementary Fig. 6¢, d), confirming the importance of
ADC events in contributing to the diurnal rainfall variation over Sri Lanka.
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Fig. 6 | Examinations on the maintenance

(a) (Hourly rainfall, —-V-Q); ADC: MAM

(b) (Hourly rainfall, —=V-Q); ADC: SON

mechanisms of ADC formation over Sri Lanka.
This figure is constructed from ADC events under
strong MJO modulation during (a) spring and (b)
autumn of 2001-2020. a The composites of hourly
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cally integrated between 1000 and 500 hPa (line) in
spring. ¢ The composites of east-west vertical cir-
culation [denoted as (u, —w); vectors] superimposed
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The MJO’s impact on the ADC events can also be seen in the diurnal
rainfall propagation. Figure 5a, ¢ shows the Hovmoller diagram of hourly
rainfall evolution departure from the daily mean values and composited
from all ADC events over Sri Lanka during spring (autumn). The hourly
evolution of the average of all ADC events (Fig. 5a) shows a maximum of
rainfall at 12 UTC (5:30 pm), followed by predominant westward propa-
gation toward the nearby Laccadive Sea around 18 UTC (11:30 pm). This
propagating feature for ADC events is similar to those documented by
Huang et al.”' for all spring days, implying that the ADC events primarily
govern the westward propagation of the diurnal rainfall feature observed in
spring. By separating the features into different MJO phase clusters, we
further noted that during P2-to-P3 (Fig. 5b), there were not only more
enhanced ADC events occurred over the land area of Sri Lanka but also a
relatively apparent westward propagation feature, when compared to other
MJO phases in spring.

Regarding autumn, the results shown in Fig. 5¢, d indicated the
following propagation features: (1) for climatology, the westward
propagation is more apparent than the eastward propagation during a
day as observed from the composites of all ADC events (Fig. 5¢), and
(2) for the MJO modulation, a more pronounced westward propaga-
tion compared to the eastward propagation observed in P8-to-P1 and
P2-to-P3 than in other MJO phases (Fig. 5d). Although we observed
similar propagation characteristics in both spring (Fig. 5a, b) and
autumn (Fig. 5¢, d), there are still some differences between them. For
the climatology, the eastward propagation is primarily evident in
autumn (Fig. 5¢) and to a lesser degree in spring (Fig. 5a). The sig-
nificant testing results shown in Supplementary Fig. 8a, ¢ supports this

observation. Possible causes for this seasonal difference in the cli-
matology of diurnal rainfall propagation between spring and autumn
have been examined by Huang et al.”’, and they attributed this to the
seasonal difference in the interactions between atmospheric circula-
tion and local topography.

As for the MJO’s modulation, we observed a seasonal difference in the
occurrence phase for the enhanced westward diurnal rainfall propagation
over Sri Lanka. The enhanced westward propagation mainly occurred in P2-
to-P3 during spring (Fig. 5b and Supplementary Fig. 8b). In contrast, the
most apparent enhanced westward propagation occurred in P8-to-P1
during autumn (Fig. 5d and Supplementary Fig. 8d). This observation aligns
with the previously noted feature that the peak rainfall intensity of ADC
events in autumn (P1) occurs one phase earlier than in spring (P2). Addi-
tionally, it is worth noting that in autumn, there is enhanced eastward
propagation from eastern Sri Lanka to nearby sea occurring in P4-to-P5 and
P6-to-P7 (Supplementary Fig. 9a).

Physical maintenance mechanisms of ADC events: climatology

Next, prior to examining the physical maintenance mechanisms related to
MJO’s modulation, we analyzed the atmospheric thermodynamic condi-
tions crucial to the climatological characteristics of ADC events. The time
series analysis presented in Fig. 6a, b is derived from the composites of area-
averaged hourly rainfall and moisture flux convergence for all ADC events
over Sri Lanka during spring (autumn). Our analysis revealed that the ADC
events in Sri Lanka during both spring and autumn typically occur on days
with a maximum moisture flux convergence occurring around 10-11 UTC,
followed by an hourly rainfall maximum appearing around 12 UTC. The
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Fig. 7 | MJO’s modulation on the east-west circulation changes along the lati-

tudinal zone (6°-9.5°N). The figure is constructed from the difference between the
MJO phase clusters and the average of all eight MJO phases. From top to bottom are
the phase clusters of P8-to-P1, P2-to-P3, P4-to-P5, and P6-to-P7, respectively. The
wind vectors illustrate the changes in the zonal wind (1) and vertical motion (—w)

for the composites from ADC events under strong MJO modulation during (a)
spring and (b) autumn of 2001-2020. The shaded area represents the vertical motion
changes. These variables are averaged during 10-12 UTC, which is the time period
from maximum water vapor support (10-11 UTC) to maximum rainfall (12 UTC),
with the daily mean removed.

time period of 10-12 UTC, which is the time from the maximum water
vapor flux support to the maximum hourly rainfall, is selected for further
examinations herein. Upon examination of the vertical cross-section of east-
west anomalies (daily mean removed) circulation averaged during 10-12
UTC over Sri Lanka (Fig. 6¢, d), we observed that the afternoon convections
with active upward motion are induced by the onshore breeze during the
daytime. The upward motion is more active in autumn than in spring over
Sri Lanka, partly explaining the larger amplitude of diurnal rainfall variation
in autumn than in spring.

The relationship between vertical motions in the regions of 76°-78°E
(around South India) and 80°-82°E (around Sri Lanka), as depicted in Fig.
6¢, d, is influenced by a combination of factors, including topography and
locally induced east-west circulation driven by the land-sea breeze’'. For
spring, in comparison to autumn, there is a more pronounced upward
motion in the 76°-78°E area, potentially leading to a stronger downward
motion in the 78°-80°E region at 10-12 UTC. Consequently, this pattern,
coupled with a stronger low-level divergence over the Laccadive Sea, further
induces stronger sea breezes over western Sri Lanka in spring than in
autumn. As a result, the upward motion over western Sri Lanka is more
prominent during spring than in autumn, explaining the slight westward

shift in the distribution of maximum upward motion over Sri Lanka in
spring as compared to autumn.

The abovementioned feature observed in Fig. 6¢, d is better illustrated
in Fig. 6e, f, which shows the horizontal distribution of vertically-integrated
moisture flux convergence during 10-12 UTC. These findings confirm that
the changes in regional moisture and wind circulation substantially impact
the formation of ADC events in Sri Lanka during spring and autumn.
Huang et al.”" also suggested similar mechanisms for all general days rather
than the strong MJO days and ADC events. Given that the MJO has the
potential to influence atmospheric thermodynamic conditions™, it is likely
that the MJO can also modulate the characteristics of the ADCs in spring
and autumn through the associated changes in the related atmospheric
thermodynamic conditions.

Physical maintenance mechanisms of ADC events:

MJO’s impact

To clarify the above inference, we constructed the phase differences for the
maintenance mechanisms that are important for ADC formation. Figure 7
displays the vertical cross-section of atmospheric circulation for the selected
phases, with the average of all eight MJO phases subtracted for spring
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Fig. 8 | MJO’s modulation on the moisture flux changes. Similar to Fig. 7, but for
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vertically integrated moisture flux vectors under strong MJO modulations during (a)
spring and (b) autumn of 2001-2020. These variables are averaged during 10-12
UTGC, with the daily mean removed.

(Fig. 7a) and autumn (Fig. 7b). It was observed that the afternoon upward
motion induced by the low-level wind convergence averaged during 10-12
UTC was enhanced in the MJO phase clusters of P8-to-P1 and P2-to-P3.
Conversely, although with varying magnitudes, a suppressed pattern was
revealed in the MJO phase clusters of P4-to-P5 and P6-to-P7 in both sea-
sons. This feature is more consistent between the vertical level of 800 hPa to
500 hPa.

For the seasonal difference, it is also revealed that the maximum
upward motion over Sri Lanka occurred during the P2-to-P3 cluster in
spring and the P8-to-P1 cluster in autumn (Fig. 7). Within the atmospheric
layer spanning from the surface to 800 hPa, the interplay between topo-
graphy and land-sea circulation plays a pivotal role in shaping the dis-
tribution of vertical motion’'. Generally, during spring (autumn), the
enhanced upward motion in the P2-to-P3 (P8-to-P1) cluster is pre-
dominantly observed on the windward side, which corresponds to western
Sri Lanka. In contrast, the leeward side, corresponding to eastern Sri Lanka,
exhibits enhanced downward motion. These features (Fig. 7) align well with
the typical characteristics of local thunderstorm formation, where at low

levels, upward motion occurs on one side and downdraft on the other side of
the system coupled with an active upward motion in the middle levels™. A
converse pattern is revealed in the MJO phase clusters of P6-to-P7 (P4-to-
P5) in spring (autumn), with enhanced west-east distribution of downward-
upward motion in Sri Lanka at the levels below 800 hPa, which coupled with
the downward motion above 800 hPa over Sri Lanka, implying the local
thunderstorm has been suppressed. Despite the magnitude differences
among phases, the above features are valid for both spring (Fig. 7a) and
autumn (Fig. 7b). However, these upward/downward motion features are
more pronounced during autumn than in spring.

Additionally, when comparing Fig. 5d with Fig. 7b, as depicted in
Supplementary Fig. 9, it becomes further evident that the MJO phases with
enhanced upward motion over western (eastern) Sri Lanka are the phases
with enhanced westward (eastward) propagation of diurnal rainfall features.
To further investigate whether the local moisture flux convergence (ie., a
crucial mechanism for maintaining the formation of the ADC events)
exhibited similar phase discrepancies, we constructed Fig. 8. This figure
displays the spatial distribution of the phase differences (after subtracting
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Fig. 9 | MJO’s modulation on the zonal wind cir-

(a) u(6°-9.5°N): MAM

(b) u(6°-9.5°N): SON
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the average of all eight MJO phases) in the local moisture flux convergence
on days with strong MJO modulation during the spring (Fig. 8a) and
autumn (Fig. 8b) spanning the period from 2001 to 2020.

Several key features for Fig. 8 are summarized as follows: (1) the larger
phase differences of moisture flux convergence are primarily observed over
western Sri Lanka, which helps explain the location differences observed in
the maximum intensity of ADC composites, as shown in Figs. 4c, d, (2) the
magnitude difference among different phases is more pronounced in
autumn compared to spring, which accounts for the seasonal changes in
diurnal rainfall amplitude difference among various MJO phases as seen in
Fig. 5b, d and (3) the largest enhancement of moisture flux convergence
observed during P2-to-P3 cluster in spring and in P8-to-P1 cluster in
autumn, which explains the seasonal differences in the MJO’s modulation
on the occurrence (Fig. 3) and intensity (Fig. 4) of ADC events over Sri
Lanka. Also note that western Sri Lanka, which is the windward side of the
prevailing low-level westerly wind (Fig. 2a, b), experiences larger changes in
moisture flux convergence under different MJO phases (Fig. 8). These
findings provide valuable insights into how the local thermodynamic con-
ditions (including the interaction between topography and land-sea bree-
zes) associated with the propagation of the MJO have changed.
Consequently, these changes have led to variations in the occurrence fre-
quency and intensity of ADC events in Sri Lanka.

In Fig. 8b, a prominent convergence (divergence) center emerges over
Sri Lanka during P8-to-P1 (P4-to-P5) while diverging (converging) in the
surrounding ocean that near South India and the eastern side of Sri Lanka.
This implies that the climatological afternoon moisture convergence pattern
(Fig. 6f) is strengthened in P8-to-P1 but weakened in P4-to-P5 under the
influence of the MJO. This short-wave-train like pattern is predominantly
observed in autumn (Fig. 8b) and less prominent in spring (Fig. 8a), sig-
nifying a seasonal diversity of the MJO’s modulation of magnitude changes
in the regional vertically-integrated moisture flux. This seasonal difference
explains why the MJO’s modulation on the ADC’s amplitude is more
pronounced in autumn (Fig. 4b) than in spring (Fig. 4a). Similarly, Lu etal.”
have also highlighted the significance of seasonal changes in the vertically-
integrated moisture flux caused by diurnal winds in explaining seasonal
differences in the diurnal rainfall cycle under the MJO’s modulation, with a
focus on the Maritime Continent.

Finally, the potential factors contributing to the enhanced or
suppressed westward propagation of ADC events seen in Fig. 5 are
examined. Huang et al.’' demonstrated that the mid-to-upper-level
easterly winds present during spring and autumn are crucial in driving
the westward propagation of diurnal rainfall convection over Sri
Lanka. Expanding upon the work of Huang et al.”', we analyzed the
area-averaged zonal wind over Sri Lanka for the composites of ADC
events and focused on the MJO’s modulation. Figure 9 presents the
vertical distribution of zonal wind changes averaged over the latitu-
dinal region of Sri Lanka for the composites of ADC events during
strong MJO days in spring (Fig. 9a) and autumn (Fig. 9b). In both
seasons, the zonal wind shows a reverse wind direction from westerly
wind in the lower levels to the easterly wind in the upper levels over the
region of 78°-80°E that covers the western coast of Sri Lanka and
Laccadive Sea. The change in wind direction occurred at a higher level
in autumn than in spring. Specifically, the transition occurred around
850 hPa in spring and 600 hPa in autumn. These patterns align with
the observations made by Huang et al.” for the composites of clima-
tological seasonal features.

For the MJO’s modulation, we observed that in spring, the mid-
to-upper-level easterly wind appeared in all four MJO phase clusters
(Fig. 9¢). However, the wind speed between 850 hPa to 600 hPa is
stronger in P8-to-P1 and P2-to-P3 than in P4-to-P5 and P6-to-P7
clusters. In autumn, a similar enhancement of upper-level easterly
wind appeared between 700 hPa to 500 hPa in P8-to-P1 and P2-to-P3
than in P4-to-P5 and P6-to-P7 clusters (Fig. 9d). As inferred from
these observations, when a deeper ADC event occurred in P2-to-P3
during spring (as in Fig. 9a) and in P8-to-P1 during autumn (as in Fig.
9b), it can be modulated by the enhanced mid-to-upper level easterly
wind to propagate further westward. This explains the diurnal pro-
pagation features seen in Fig. 5. However, it is important to note that
for spring (Fig. 9¢), even though the P8-to-P1 cluster has a magnitude
of easterly wind between 800 hPa and 600 hPa, similar to the P2-to-P3
cluster, the westward propagation of ADC event in P8-to-P1 cluster is
not as pronounced as those observed in P2-to-P3 cluster (Fig. 5b). This
could be attributed to the weaker intensity of ADC events over Sri
Lanka during P8-to-P1 compared to P2-to-P3 in spring (Fig. 4a).
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Discussion

In view of earlier literatures' ", a knowledge gap exists in comprehending
how the MJO influences the ADC’s characteristics (particularly the offshore
rainfall propagation) over Sri Lanka. This study thoroughly examines this
issue and explains the potential underlying physical mechanisms. As
summarized in the schematic diagram (Fig. 10), low-level westerly winds
and sea breeze interacting with topography (Step 1) can induce moisture
flux convergence accompanied by upward motion (Step 2), which leads to
ADC’s formation with rainfall (Step 3), over Sri Lanka. This deep convection
is subsequently modulated by the prevailing upper-level easterly winds to
lead more westward offshore propagation from western Sri Lanka to nearby
seas (Step 4). These ADC’s maintenance mechanisms reach their maximum
(minimum) values during MJO phases P2-to-P3 (P6-to-P7) and P8-to-P1
(P4-to-P5) in spring and autumn, respectively. As a result, enhanced
(suppressed) ADC’s occurrence frequency percentage, rainfall intensity, and
westward propagation have been observed during MJO’s active (inactive)
phases over Sri Lanka. These findings hold significant implications for the
regional community. For example, the observed link between changes in
ADC characteristics and MJO phases could be leveraged to improve the
local rainfall forecasting capabilities. More accurate rainfall forecasts, in
turn, play an integral role in flood mitigation, improving agricultural pro-
ductivity and contributing to the broader realm of sustainable development
initiatives in the region.

Notably, in addition to the mechanisms outlined in Fig. 10, there might
be some additional factors important to the ADC’s formation. As inferred
from other studies'*’ focusing on various tropical regions, it is conceivable
that the MJO’s impact on regional rainfall could be influenced by changes in
convective available potential energy (CAPE) and relative humidity. These
potential mechanisms merit further detailed analyses specific to Sri Lanka.
Moreover, the findings of the present study, based on observational data, can
be further complemented by future studies using model simulations™” to
clarify the details of the topographic effect on ADC events under MJO’s
modulation. Furthermore, it is known that MJO-induced extreme rainfall
might change in response to global warming”'; thus, exploring how ADC’s
characteristics may change in response to global warming**' also deserves
further research attention for the region over Sri Lanka.

17,20,31
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Methods

Rainfall data and reanalysis data

The rainfall data used for the definition of ADC events over Sri Lanka are
extracted from version 6 (V06B) final run of the Integrated Multi-satellitE
Retrievals for Global Precipitation Measurement (IMERG) product, which
is a dataset with 30-minute temporal resolution and 0.1°x 0.1° spatial
resolution”. Sub-daily IMERG data have already been successfully validated
using the local rain gauges over Sri Lanka, and for further information and
validation results, please refer to Huang et al.”'. Additionally, for the
examination of the related physical mechanisms, we extracted the atmo-
spheric thermodynamic variables (including wind and specific humidity)
from the latest 5" generation of the European Centre for Medium-range
Weather Forecast reanalysis data (ERA5)*. The spring and autumn seasons
were defined as periods from March to May (MAM) and September to
November (SON), respectively. The analysis focuses on the overlapping
common period of available data from IMERG and ERA5, which is from
2001 to 2020.

Definition of MJO phases

The Real-time Multivariate MJO Index (RMM1 and RMM2), developed by
Wheeler and Hendon™, is extensively employed worldwide to identify and
categorize MJO events into 8 distinct phases™* ™. For this study, we
obtained the RMM indexes from the Australian Bureau of Meteorology, and
the data can be accessed at http://www.bom.gov.au/climate/mjo/. A day is
considered to have a strong (weak) MJO modulation when the amplitude of
the RMM index (=v/RMM1? + RMM?2?) is greater than 1 (less than 1).
This study focused only on days with strong MJO modulation from 2001 to
2020. The general rainfall characteristics subsection in the Results includes a
detailed analysis of the number of strong MJO days over the given period for
spring (Fig. 1¢) and autumn (Fig. 1d). Colors have been added in Fig. 1¢, d, to
help represent the MJO’s propagation into different locations (i.e., P8-to-P1
in the western hemisphere and Africa, P2-to-P3 in the Indian Ocean, P4-to-
P5 in the Maritime Continent, and P6-to-P7 in the western Pacific). This
grouping method, which is commonly used in earlier studies”™ to explore
features related to MJO propagation, is adopted to examine MJO
composites.

Maintenance Mechanism of ADC over Sri Lanka

@ Low-level westerly and sea breeze interacting topography

(2 Moisture flux convergence with upward motion
(3) Cloud formation with rainfall
@ Upper-level easterly wind aids the westward propagation

Fig. 10 | Schematic diagram summarizing the MJO’s impact on ADC’s char-
acteristics. The top left panel illustrates the formation of ADC over Sri Lanka
following four main steps, which are detailed in the top right panel. The bottom left
panel roughly illustrates the general locations of the eight MJO phases and their

MJO’s Impact
ADC’s characteristics* Spring Autumn
Enhanced in MJO phases ig:; Max) gg:; (Max)
Suppressed in MJO phases Eé:g T ;g:? (Min)

*occurrence frequency, rainfall intensity and propagation

propagation direction, with the bottom right panel documenting the ADC’s char-

acteristics changes (including the relative changes in occurrence frequency, rainfall
intensity, and westward propagation) between spring and autumn under different
MJO phase modulations.
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Definition of ADC events
In this study, a rainy day is defined as a day when more than one-third of the
grid box over the domain of Sri Lanka has a daily accumulation of rainfall
greater than 0.1 mm. The selection of 0.1 mm as criteria for identifying rainy
days has been widely adopted by earlier studies using IMERG data*>. After
identifying a rainy day, the occurrence of an ADC event for each grid box is
defined based on the following criteria: (a) The accumulated rainfall between
01:00 and 11:00 local time should be less than 20% of the total daily rainfall,
(b) The accumulated rainfall between 12:00 and 22:00 local time should
exceed 70% of the total daily rainfall, and (c) The rainy pattern should remain
unaffected by other non-local weather patterns, such as tropical cyclones. A
day on which one-third of the grid box over the domain of Sri Lanka is
identified as ADC is further referred to as an ADC day. Similar methods for
identifying ADC events over an island have been applied by many studies™ ™.
The total number of ADC days during the analyzed period is referred to
as ADC frequency. Supplementary Fig. 2 depicts the spatial distribution of
the total accumulated number of ADC frequency (for each grid point) for
strong MJO days during the spring and autumn of 2001-2020. Overall,
during both seasons, the inland area exhibits a higher number of ADC days
than the coastal area, with the largest number of ADC events (>500 days)
occurring over the mountain region in southern Sri Lanka. In this study, the
percentage occurrence of ADC days relative to strong MJO days for each
M]JO phase is calculated using Eq. (1), while the magnitude of ADC intensity
is calculated using Eq. (2):

Accumulated number of ADC days

P t f ADC days =
croentage occutrence o * = Total number of strong MJO days

(1

Accumulated daily rainfall amount for all ADC events

ADC intensity =
Intensity Total number of ADC days

(@)

As evident in our composite of ADC events (Fig. 6a, b), the daily
accumulation of IMERG rainfall for ADC events is approximately
6.3 mm-day " for spring and 10.0 mm-day "’ for autumn. These values fall
within the range of moderate rain (ranging from 5 to 20 mm-day ') as
opposed to light rain (ranging from 0.1 to 5 mm-day )™

Diurnal rainfall variability

The diurnal rainfall variability*"** was calculated from the standard devia-
tion of 24-hour rainfall for the selected samples (e.g., strong MJO days or
total days) using Eq. (3):

> (R, —R)’ 3)

Diurnal rainfall variability =

where R;, R and N represents the hourly rainfall for each sample, the daily
mean of the hourly rainfall, and the total number of samples, respectively.
Generally, larger (smaller) values of diurnal rainfall variability correspond to
higher (lower) diurnal rainfall amplitudes.

Moisture flux convergence
The vertically integrated moisture flux convergence (—V-Q) was calculated
based on Egs. (4)-(6), using the data from ERA5".

1 [1000hPa
= . @
&8 J 500hPa
1 [l000hPa
Q =1 / vdp, 6)
g soohpaq b
0Q, 9Q,
VO = AL =% 6
va=-(+5), ©

where g, q, p, u, and v represent the gravitational acceleration, specific
humidity, pressure, zonal wind, and meridional wind, respectively. Q, and
Q, represents the zonal and meridional components of the vertically inte-
grated moisture flux vector, respectively.

Data availability

The RMM index data is publicly available at http://www.bom.gov.au/
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https://disc.gsfc.nasa.gov/datasets/GPM_3IMERGHH_06/summary and
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