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ABSTRACT

Extreme rainfall events in the South Pacific are widespread and affected by various factors on different time scales. We use daily rainfall data from 20 stations over
the South Pacific to investigate the characteristics of extreme rainfall events from 1979 to 2018. For regional analysis, we group the stations into three clusters
characterizing the western, the central, and the far eastern regions of the South Pacific Convergence Zone (SPCZ). Extreme rainfall events contribute to roughly 20%
of the seasonal mean rainfall in all three clusters. Among all four factors considered, tropical cyclones (TCs) cause the highest increase in the probability
(APwesternspcz~286%, Apcentralspcz~84%, APfareasternspcz—~189%) of extreme rainfall events. The Madden-Julian Oscillation (MJO) is the second most important
factor affecting the probability of extreme rainfall events, increasing it by 30-60% when the MJO is active over the western SPCZ in phases 5-6, over the central SPCZ
in phases 6-7, and over the far eastern SPCZ in phases 8-1. The probability is reduced by the same order of magnitudes during the opposite dry phases of the MJO, i.
e., phases 1-3 for the western and central SPCZ, and 3-6 for far the eastern SPCZ region. The probability of extreme rainfall events increases during La-Nina (E1-Nino)
conditions to the southwest (southeast) of the mean SPCZ by 27% (31%); however, the impact of the El-Nino and Southern Oscillation (ENSO) along the SPCZ is not
apparent. Dynamical analysis shows that the favorable conditions for generating extreme rainfall events are associated with northwesterly moisture transport and its
convergence. The impact of TCs, MJO, and ENSO on rainfall extreme events can be partly understood considering this dynamical analysis. Extratropical Rossby waves

can trigger tropical disturbances, but their impact on extreme rainfall events is generally less important than of the TCs, MJO, and ENSO.

1. Introduction

Extreme rainfall events are often associated with severe impacts on
society and the environment. The devastating impact of heavy rainfall
events ranges from loss of human life and property, degradation of the
environment, to the destruction of infrastructures. The small island
countries in the South Pacific often experience extreme climatic events
including intense rainfall events. The impacts of extreme events depend
also on the societal exposure and vulnerability (Field et al., 2012). These
small island countries are highly vulnerable to extreme events compared
to other parts of the world, as they are smaller in size, surrounded by
vast areas of ocean, and limited infrastructure facilities (McCarthy et al.,
2001; Nurse et al., 2014). Considering the vulnerability and potential
risk associated with extreme rainfall events, it is essential to understand
the factors controlling the variability of the extreme rainfall events in
the South Pacific to improve the forecast skill of extreme rainfall events
so that the potential damage can be minimized.

Three tropical phenomena mainly contribute to the variability of
extreme rainfall events in the South Pacific: tropical disturbances, El-
Nino Southern Oscillation (ENSO), and the Madden-Julian Oscillation
(MJO). Tropical disturbances, including tropical depression (TDs) and
tropical cyclones (TCs) are arguably the most important source of
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extreme weather events in tropical regions (Dare et al., 2012; Prat and
Nelson, 2013; Chen and Fu, 2015; Khouakhi et al., 2017) and the South
Pacific (McCarthy et al., 2001; Salinger and Lefale, 2005; Terry, 2007;
Diamond et al., 2012; Kuleshov et al., 2014; Chand et al., 2020). Every
year on average there are ten tropical cyclones in the South Pacific
(Diamond et al., 2012; Walsh et al., 2016). Between 1980 and 2016, at
least one tropical cyclone annually has reached the intensity equivalent
to a category 4 or 5 extreme cyclone in the South Pacific (Hoarau et al.,
2018). The intense rainfall and winds associated with such extreme TCs
often lead to widespread damage of life and property through severe
floods and subsequent landslides (Zhang et al., 2009; Chen et al., 2013;
Kuleshov et al., 2014; Jenkins and Jupiter, 2015). TCs, in particular,
contribute up to 20% of the total seasonal rainfall in the South Pacific
(Jiang and Zipser, 2010) and accounts for almost 76% of the total
recorded natural disasters in the South Pacific between 1950 and 2004
(Bettencourt et al., 2006).

On seasonal to interannual time scales, ENSO causes most of the
rainfall variability over the South Pacific (Philander, 1990; Kidson and
Renwick, 2002; Salinger and Lefale, 2005; Zhang et al., 2014; Borlace
et al., 2014; Kuleshov et al., 2014). The impact of ENSO in the South
Pacific with dry and wet conditions produces favorable conditions for
extreme rainfall events. In particular, the position of the South Pacific
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Convergence Zone (SPCZ) is primarily controlled by ENSO (Brown et al.,
2011; Vincent et al., 2011) with more southwestward shift during the
La-Nina phase and northeastward during the positive El-Nino phase
(Trenberth, 1976; Kidwell et al., 2016). As a result, the islands to the
north of SPCZ experience more extreme rainfall events during El-Nino
condition and those to the south less (Salinger and Lefale, 2005). Past
studies have shown that the interannual variability of frequency of
extreme rainfall events in the South Pacific is linked to ENSO (McGree
et al., 2014; Kuleshov et al., 2014). Likewise, the shifts in the SPCZ
position in response to ENSO also affect the location and frequency of
TCs (Basher and Zheng, 1995; Vincent et al., 2011; Callaghan and
Power, 2011; Salinger et al., 2014), modulating the location, frequency,
and intensity of extreme rainfall events.

On the intraseasonal time scale, the MJO is the dominant mode of
tropical intraseasonal rainfall variability (Madden and Julian, 1994;
Zhang, 2005, 2013). It influences both rainfall patterns and extremes
over the South Pacific (Matthews et al., 1996; Matthews and Li, 2005;
Jones et al., 2004; Chand et al., 2020). The MJO also modulates TC
activity and thereby affecting the distribution of extreme rainfall events
in the South Pacific (Camargo et al., 2009; Klotzbach, 2014; Chand et al.,
2020).

Apart from tropical phenomena, disturbances related to extratropical
Rossby waves also impact rainfall in the South Pacific (Trenberth, 1976;
Vincent, 1994; Matthews et al., 1996; Kiladis and Weickmann, 1997;
Widlansky et al., 2011; Allen et al., 2009; Matthews, 2012; Niznik et al.,
2015). In particular, transient Rossby waves propagate from the south-
eastern Australian region toward the central Pacific where they can
affect convective activity (Matthews, 2012; Van Der Wiel et al., 2016a;
2016b). Even though the impact of these waves on rainfall variability
over the SPCZ is well known, their role in determining extreme rainfall
events is not well understood (Matthews, 2012; Van Der Wiel et al.,
2015).

Studies on extreme rainfall events in the South Pacific have mostly
focused on interannual variability and long-term trend analysis (Manton
et al., 2001; Griffiths et al., 2003; Jovanovic et al., 2012; McGree et al.
2014, 2019; Kumar et al., 2014). Although the impacts of ENSO, MJO
and TC on rainfall variability over the South Pacific are known (Tren-
berth, 1976; Salinger et al., 2001; Folland et al., 2002; Griffiths et al.,
2003; Brown et al., 2011; Vincent et al., 2011; Kidwell et al., 2016;
Pariyar et al., 2019), the impact of these and other phenomena on
extreme rainfall events in this region is not thoroughly understood.
Therefore, we investigate the various factors affecting extreme rainfall
events in the South Pacific by using the daily rain gauge and gridded
reanalysis data sets for the period 1979 to 2018. We focus our analysis
on quantifying the impacts of TCs, the MJO, ENSO, and extratropical
Rossby waves on extreme rainfall events and identify the relevant
mechanisms.

2. Data, indices, and methods
2.1. Data and indices

Our primary source of data is the daily rainfall from 33 stations over
the South Pacific, obtained from the National Climate Data Center
(NCDC) website (https://www?7.ncdc.noaa.gov/CDO/cdoselect.cmd?da
tasetabbv=GSOD). The NCDC daily data undergoes extensive auto-
mated quality control to remove unrealistic and erroneous data. The
quality control includes a temporal and spatial consistency check, a
percentile-based climatological outlier check, and an identification of
unrealistic breaks (Durre et al., 2010). In this study, we only use the
daily rainfall data that were derived from either four 6-hourly or two
12-hourly values. We discard daily values that are accumulated over
multiple days. Further, we also exclude stations that have a large
amount of missing data, by selecting only stations in which at least 37
years between 1977 and 2018 (i.e., out of 41 years) have at least 75% of
daily data during southern hemisphere extended summer season
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(November to April). Note that November to April is the rainy season in
the South Pacific (Fig. 2). Based on these criteria, we chose only 20
stations out of 33 for further analysis. The 20 selected rainfall stations
are distributed over the South Pacific region, representing many island
countries and extending along the SPCZ from the southwest to the far
east (Fig. 1; Supplementary Table S1). Even though the NCDC data has
gone through the standard quality control procedure, we further
perform a homogeneity test by using the RHtest software package (Wang
and Feng, 2013) developed at Climate Research Division, Atmospheric
Science and Technology Directorate, Science and Technology Branch,
Environment Canada (http://etccdi.pacificclimate.org/software.shtml).
In particular, we use RHtests_dlyPrcp package for homogenization of
daily precipitation data (Wang et al., 2010). In this software package,
any discontinuity in the rainfall time series is identified through the
penalized maximal t-test (Wang et al., 2007) and the penalized maximal
F-test (Wang, 2008a); in which the multiple-phase linear regression al-
gorithm is embedded (Wang, 2008b). This method is suggested to be
effective in detecting the change points in daily rainfall data that are
consistent with the documented discontinuities (Wang et al., 2010). The
statistically significant (95% confidence level) change points are then
adjusted based on Quantile-Matching (QM) adjustment method (Wang
et al., 2010; Vincent et al., 2012). Note that for stations with the met-
adata information, the identified change points are verified with the
metadata and then adjusted; whereas for stations without metadata in-
formation, only statistically significant change points are adjusted. We
then use the adjusted homogeneous data for 20 stations for further
analysis.

We use three additional data sets that cover the period 1979 to 2018
to investigate the synoptic conditions associated with extreme rainfall
events. First, we use 6-hourly ERA-Interim data set at 0.75° horizontal
resolution (Dee et al., 2011) to identify the atmospheric conditions
associated with extreme rainfall events. Second, we use daily interpo-
lated outgoing long-wave radiation (OLR) data with a horizontal reso-
lution of 2.5° provided by the National Oceanic and Atmospheric
Administration (NOAA) (Liebmann and Smith, 1996). We use this data
to represent the large-scale spatial structures of the convection associ-
ated with extreme rainfall events. Third, we use the satellite-derived
monthly Global Precipitation Climatology Project (GPCP) gridded pre-
cipitation data set to compute the long-term rainfall climatology as
shown in Fig. 1 (Adler et al., 2003). We use the GPCP combined pre-
cipitation data version 2.3 with a horizontal resolution of 2.5°.

We use two climate indices: the real-time multivariate MJO (RMM)
indices and the monthly Nino3.4 ENSO index. The daily RMM indices
are from the Australian Bureau of Meteorology website (http://www.
bom.gov.au/climate/mjo/). The two RMM indices (RMM1 and RMM2)
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Fig. 1. Location of rain gauge stations used in this study. The three clusters of
stations are indicated by red, green, and blue colours. The shaded contours are
the rainfall climatology (1979-2018) in mm day’, computed from the monthly
GPCP gridded data set. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. (a—c) Rainfall annual cycle based on monthly total rainfall (mm day‘l) for six, eight, and six stations in cluster 1, cluster 2, and cluster 3, respectively. (d-f)
Annual cycle of extreme rainfall events based on the monthly frequency of extreme rainfall events. Extremes rainfall events are defined as daily rainfall values greater
than the 99th percentile. The grey lines are for individual stations, and the black lines are the mean of all stations.

are the first two leading principal components obtained from the com-
bined empirical orthogonal function analysis of daily OLR, 850 hPa
zonal wind and 200 hPa zonal wind averaged over 15°S-15°N (Wheeler
and Hendon, 2004). We define the active MJO events as those in which
the normalized principal component amplitudes are higher than one (i.
e., RMM12+RMM?>1). The RMM indices are largely dominated by
large-scale circulation and may not necessarily represent the local or
regional convection (Zhao et al., 2013). Therefore, for comparison we
also use the all-season outgoing longwave radiation-based MJO index
(OMI) (Kiladis et al., 2014). The OMI is based on the empirical
orthogonal function analysis of daily OLR time series and thus expected
to better represents local to regional convection compared to the RMM
indices. However, the conditional probability analysis based on OMI and
RMM indices is fairly comparable, therefore we only present the analysis
based on RMM indices in this study. We compute the monthly Nino3.4
index from the monthly sea surface temperature (SST) from the NOAA,
ESRL, Physical Science Division website (http://www.esrl.noaa.
gov/psd/gcos_wgsp/Timeseries/Nino34/index.html). The Nino3.4
index is defined as the SST anomalies averaged from 5°S-5°N and
170°W-120°W (Rayner et al., 2003). To define the different phases of
ENSO, namely El-Nino, La-Nina, and neutral, we compute the
five-month running mean of the Nino3.4 index. We define El-Nino
(La-Nina) years when the five-month running mean Nino3.4 index is
higher (lower) than 0.4 °C (—0.4 °C) for six or more consecutive months,
and we define other years as neutral years (Trenberth, 1997).

TC data is from the International Best Track Archive for Climate
Stewardship (IBTrACS) (Knapp et al., 2010). The IBTrACS data set is
based on the 6-hourly historical TC records from various sources and it
provides information on the nature of the storm, location of the storm
center, maximum sustained winds, minimum central pressure, and
storm speed. We consider an extreme rainfall event to be induced by a
TC if there was a TC within a 500 km radius of the station. We define
such an event as a tropical cyclone day (TCD). The choice of the 500 km
radius is common in TC analysis (Rodgers et al., 2001; Larson et al.,
2005; Jiang and Zipser, 2010; Lee et al., 2010; Dare et al., 2012; Prat and
Nelson, 2013; Villarini et al., 2014). To understand the sensitivity to the
radius size, we repeated the analysis for different radii between 500 and
700 km and observed no significant difference in our results.

2.2. Station clustering and definition of extreme rainfall events

To better understand the spatial distribution of extreme rainfall
events, we group the 20 stations into three clusters according to the
following criteria: members (stations) of a cluster must have a similar

daily rainfall climatology (Fig. 1), and have similar seasonal cycles of
both monthly mean rainfall (Fig. 2a—c) and frequency of extreme rainfall
events (Fig. 2d-f). The three clusters represent the rainfall variability
and extremes over the western SPCZ (cluster 1, with six stations), the
central SPCZ (cluster 2, with eight stations), and the far eastern SPCZ
(cluster 3, with six stations) (Fig. 1). The climatology of mean monthly
rainfall and frequency of extreme rainfall events peaks in March,
January-February, and December for most of the station in cluster 1,
cluster 2, and cluster 3, respectively (Fig. 2a-f).

We tested the k-means clustering algorithm as a more objective
means to define the clusters (Robertson and Ghil, 1999), but the results
were not satisfactory. The algorithm groups stations into a pre-defined
number of clusters such that the sum of the squared Euclidean dis-
tance is minimized. We used daily rainfall data to estimate the corre-
lation coefficients between different stations, and based on these
correlation coefficients, we compute the Euclidian distances within the
set of clusters. We estimated the optimal number of clusters using three
different methods: the elbow method (Ketchen and Shook, 1996;
Ghayekhloo et al., 2015), the average silhouette method (Rousseeuw,
1987; Kaufman and Rousseeuw, 2009), and the gap statistics method
(Tibshirani et al., 2001). However, the optimal cluster size differed
among the three methods. Thus, we did not use the k-means method to
define the clusters.

We categorize the daily rainfall exceeding the 99th percentile as
extreme rainfall events. The 99th percentile is computed for each station
for data from November to April between 1979 and 2018. The total
number of events in a cluster is the sum of all the events at all available
stations within the cluster. Note, events that occurred on the same day at
multiple stations within a cluster are considered as the same event and
counted only once.

2.3. Statistical methods

We express the frequency of extreme rainfall events in terms of
probability instead of absolute frequency. The probability of extreme
rainfall events occurring in a cluster is defined as the total number of
extreme rainfall events at all stations in the cluster divided by the total
number of calendar days considered. The baseline probability of
extreme rainfall events in each cluster is computed using all available
days (i.e., unconditional probability). The baseline probabilities in
cluster 1, cluster 2, and cluster 3 are 4.3%, 6.9%, and 5.3%, respectively;
note given our definition these numbers partly reflect the number of
stations. We quantify the impact of various phenomena on extreme
rainfall events by computing conditional probabilities. The conditional
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probability of event A given event B is defined as the ratio of the
probability of A and B occurring together (unconditional) to the prob-
ability of event B. For example, the conditional probability of an extreme
rainfall event occurring during the MJO phase 5 is the probability of
extreme rainfall and MJO phase 5 occurring together divided by the
probability of MJO phase 5 occurring. We use this approach to compute
the conditional probability of extreme rainfall events for all eight phases
of the MJO, all three phases of ENSO, for TCDs, and for extratropical
Rossby wave activity. We use the bootstrap resampling approach to test
statistical significance of the probability estimates (Munoz et al., 2015).

We study the synoptic conditions associated with extreme rainfall
events by generating composites of selected atmospheric variables
including sea level pressure (SLP), vertically integrated moisture flux
divergence (qdiv), 850 hPa wind (both u and v components), evapora-
tion, outgoing long-wave radiation (OLR), and 300 hPa geopotential
height. The daily total evaporation is computed by summing the cu-
mulative evaporation of two 12-hourly forecasts. We compute the hor-
izontal wave activity flux following the method of Takaya and
Nakamura (2001) and using daily 300 hPa wind (u,v) and geopotential
height data. To quantify the impact of extratropical waves on extreme
rainfall events, we define a wave index following Wallace and Gutzler
(1981) and based on this we compute the conditional probability of
extreme rainfall events during positive and negative wave events as
before. We compute the statistical significance of the composite analysis
using the bootstrap resampling approach (Munoz et al., 2015).

3. General characteristics of daily rainfall and extremes

In this section we discuss the key characteristics of extreme rainfall
events in three clusters over the South Pacific. We first compare the
statistics of daily rainfall and extreme rainfall events among the three
clusters, so as to understand the spatial distribution of extreme rainfall
events over the South Pacific. We then discuss the interannual vari-
ability of the extreme rainfall events in the three clusters. This includes
extreme contribution to seasonal rainfall and the relationship between
extreme rainfall events and ENSO on interannual time scale.

3.1. Distribution of daily rainfall and extreme rainfall events

We compute the statistics characterizing the daily rainfall and rain-
fall extremes in each cluster considering all available daily rainfall data
from 1979 to 2018 for all stations in each cluster (Table .1). We define
extreme rainfall events for each individual station before we combine all
the events from all stations in each cluster. The total number of extreme
rainfall events in cluster 1, cluster 2, and cluster 3 are 331, 532, and 410,
respectively. The difference among clusters is mainly because the
amount of data in each cluster is different, as there are six stations in
cluster 1 and cluster 3, and eight stations in cluster 2, and the number of
missing data at each station is different.

The mean (), and standard deviation (SD) of the daily rainfall data
are highest in cluster 2 (Table 1), compared to the remaining two
clusters. This is consistent with cluster 2 coinciding with the region of

Table 1
Summary statistics of daily rainfall and rainfall extremes in November—April
from 1979 to 2018.

Daily rainfall

Mean SD 95th percentile 99th percentile
(mm) (mm) (mm) (mm)

Cluster 1 3.6 13.9 19.8 62.9

Cluster2 7.6 19.0 39.9 89.3

Cluster3 4.7 14.0 26.9 68.1

Daily extreme rainfall events

Cluster1  105.8 62.3 229.8 350.5

Cluster2  139.7 57.9 265.7 379.5

Cluster3  100.6 42.3 169.5 269.5
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higher mean and variability of rainfall in the SPCZ (Vincent et al., 2011;
He et al., 2017). Interestingly, the percentile values (95th and 99th
percentile) are also highest in cluster 2. Among the three clusters, the
daily rainfall statistics have the lowest values in cluster 1. The mean
intensity of rainfall extremes (p~139.7 mm day ) is highest in cluster
2, while the other two clusters have quite comparable values. Despite
cluster 2 having by far the highest mean extreme rainfall intensity, the
standard deviation of extreme rainfall and the percentile values in
cluster 1 and cluster 2 are quite comparable. This implies that extreme
rainfall events in cluster 1 can be as intense as those in cluster 2. On the
other hand, cluster 3 has substantial lower standard deviations and the
percentile values than the other two clusters.

3.2. Interannual variability of daily rainfall extremes

We now discuss the interannual variability of extreme rainfall events
in terms of probability and intensity. For each extended southern
hemisphere summer season (November-April), we compute the proba-
bility and mean intensity of extreme rainfall events. On average, the
probabilities of extreme rainfall events per season are 4.3%, 6.9% and
5.3% in cluster 1, cluster 2, and cluster 3, respectively. However, there is
a large year-to-year variability in the probabilities of extreme rainfall
events, as indicated by the large range in probabilities: 0-10.9%,
2.1-12.6%, and 0.5-14.3% for cluster 1, cluster 2, and cluster 3,
respectively.

We assess the relationship between ENSO and the interannual vari-
ability of extreme rainfall events by computing the Spearman’s rank
correlation coefficient. There is a statistically significant relation (at the
95% level) between the seasonal mean Nino3.4 index and the seasonal
frequency of extreme rainfall events in each of the three clusters. The
correlation coefficients are —0.23, 0.29, and 0.45 for cluster 1, cluster 2,
and cluster 3, respectively. We observe a similar relationship between
the Nino3.4 index and seasonal mean extreme rainfall with higher
(lower) rainfall amount during El-Nino (La-Nina) in cluster 2 and cluster
3. The opposite is true for cluster 1. The respective correlation co-
efficients are —0.33, 0.29, and 0.44 in cluster 1, cluster 2, and cluster 3.
All three correlation coefficients are significant at 95% level. The anal-
ysis of ENSO impacts on extreme rainfall is investigated further in sec-
tion 4.

We compute the contribution of extreme rainfall events to the total
seasonal rainfall by summing up the rainfall amounts associated with
extreme rainfall events in each season (November—April) and dividing
by the total seasonal rainfall. On average, extreme rainfall contributes
24.5%, 15.8%, and 18.8% to the total rainfall in cluster 1, cluster 2, and
cluster 3, respectively. Extreme rainfall contributions to seasonal totals
shows large interannual variability in all three clusters (Supplementary
Fig. S1) with values ranging from 8.4 to 47.7%, 2.3-27.2%, and
5.0-34.2% in clusterl, cluster 2, and cluster 3, respectively. Interest-
ingly, the interannual variability of extreme rainfall contributions is
fairly comparable to the variability of total seasonal rainfall. The cor-
relation coefficients between the extreme rainfall contributions to sea-
sonal totals and total seasonal rainfall are 0.88, 0.67, and 0.83 for cluster
1, cluster 2, and cluster 3, respectively. All three correlation coefficients
are statistically significant at the 99% confidence level.

3.3. Influence of TCs, MJO, and ENSO on extreme rainfall events

We now assess the influence of TCs, ENSO, and the MJO on extreme
rainfall events in terms of whether the probability of an extreme rainfall
event is affected by TCD, or different phases of the MJO and ENSO
(section 2.3). In particular, we present the percentage change in prob-
ability, Ap, computed by subtracting the baseline probability from the
conditional probability and dividing by the baseline probability and
then multiplying by 100.

The total number of TCDs observed over the study period is
considerably higher in cluster 2 (TCDs~664), compared to cluster 1
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(TCDs~352), and cluster 3 (TCDs~144). This is consistent with the
typical spatial distribution of TC density in the South Pacific, with higher
TC densities along the SPCZ and relatively lower densities to the
southwest and northeast of the mean SPCZ region (Dowdy et al., 2012).
However, the higher number of TCDs in cluster 2 could also be because
of the higher number of stations in this cluster compared to the other
two clusters. To assess whether this is the case, we compute the average
number of TCDs per station in each cluster (i.e., the number of TCDs
divided by the total number of stations). The average TCDs per station
are 58.7, 83.0, and 24.0 in cluster 1, cluster 2, and cluster 3, respec-
tively. This shows that cluster 2 does indeed have the greatest frequency
of TCDs and that cluster 3 has the least. Out of all TCDs, only 55, 57, and
16 TCDs are associated with extreme rainfall events in cluster 1, cluster
2, and cluster 3, respectively. This indicates that only 16.6%, 10.8%, and
4.0% of the total number of extreme rainfall events are associated with
TCs in cluster 1, cluster 2, and cluster 3, respectively.

Of the factors we analysed, TCs are the most important one affecting
extreme rainfall events in the South Pacific. The probability of extreme
rainfall events is substantially increased when there is a TCD (Fig. 3a). In
particular, it is increased by 285.5%, 84.2%, and 188.6% in cluster 1,
cluster 2, and cluster 3, respectively. All three values are statistically
significant at the 99% level. Most of the TCs that induced extreme
rainfall events in our region originated from the region between 0°-20°S
(as indicated by green dots in the Supplementary Fig. S2) and moved to
the higher latitudes in a southeastward direction. This is consistent with
the usual trajectories for TCs in the South Pacific (e.g., Diamond et al.,
2012; Dowdy et al., 2012; Khouakhi et al., 2017).

It is well known that TCs are often associated with intense rainfall
events over the tropical region (Nogueira and Keim, 2011; Dare et al.,
2012; Ng et al., 2015); therefore, it is interesting to investigate whether
the intensities of extreme rainfall events are also high during TCDs. The
distribution of daily rainfall magnitudes for all extreme rainfall events
with and without TCs are presented in the form of box plots (Fig. 3b).
Note that the upper whiskers in the box plots are the 99th percentile. For
cluster 1, the 75th percentile is considerably higher for daily extremes
associated with TCs than for extremes that were not associated with TCs,
but the 99th percentiles are comparable for the extremes that occurred
with and without TCs. For the rest of the clusters, both the 75th and 99th
percentiles are lower for the extreme rainfall events that occurred with
TCs than occurred without. This suggests that TCs do not necessarily
contribute to the most extreme rainfall events, especially in cluster 2 and
cluster 3.

We now assess the impact of the MJO on extreme rainfall events. The
probability of extreme rainfall events is generally increased in cluster 1,
cluster 2, and cluster 3 during MJO phases 5-7, 6-8, and 7-1, and
decreased in phases 1-3 in cluster 1 and cluster 2, and phases 2-6 in
cluster 3 (Fig. 4a—c). The maximum positive departure in probability is
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Fig. 3. (a) Percentage change in the probability of extreme rainfall events for
TCDs with respect to the baseline probability for all extreme events. The sig-
nificant values at the 99% (95%) confidence level are denoted by a single
(double) star, computed using a bootstrap resampling method by randomizing
the time series 1 000 times. (b) Box plots of daily rainfall extremes (mm day’l)
without (white box) and with TC (grey box) in each cluster. Lower and upper
whiskers denote the minimum and 99th percentiles. The lower, middle, and
upper lines in the box represent the inter-quartile range.
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observed in phase 5 (Ap ~ 51.6%), phase 7 (Ap ~ 51.5%), and phase 8
(Ap ~ 64.2%) in cluster 1, cluster 2, and cluster 3, respectively. While
the maximum reduction in probability is observed during phase 2 in
cluster 1 (Ap ~ —42.4%) and cluster 2 (Ap ~ —28.3%), and phase 4 in
cluster 3 (Ap ~ —29.4%).

These changes in probabilities are related to active or suppressed
convection during the particular MJO phase. Similarly, the MJO’s
eastward progression causes its impact on the probability of extreme
rainfall events to shift to later phases from cluster 1 to cluster 3. These
effects are illustrated by showing the OLR and 850 hPa wind anomalies
for all eight phases of the MJO together with the location of the clusters
(Fig. 4d-k). The MJO phase 5 composite shows pronounced negative
OLR anomalies and northwesterly wind over cluster 1 (Fig. 4h). While in
phases 6-7, the OLR and wind anomalies are shifted to the east and
located about cluster 2 (Fig. 4i and j). In phases 1, 7, and 8, the enhanced
convection is furthest east and is located about cluster 3 (Fig. 4k,d).
During the opposite dry phases, the rainfall is suppressed and easterly to
southeasterly wind dominates the South Pacific region. For example,
during phases 1-3, positive OLR anomalies dominate region corre-
sponding to cluster 1 and cluster 2 (Fig. 4d-g). Similarly, during phases
3-5, the convection is suppressed over the region covering cluster 3
(Fig. 4e-h).

As discussed in section 3.2, the interannual variability of extreme
rainfall events in the South Pacific is somewhat modulated by ENSO
(McGree et al., 2014). Our analysis shows that the probability of extreme
rainfall events varies in different phases of ENSO (Fig. 5a—c). In partic-
ular, the probability of extreme rainfall events increases by 27.3%
during La-Nina conditions in cluster 1, by 31.2% during El-Nino con-
ditions in cluster 3, and, by a rather small 5.1% during the neutral
conditions in cluster 2. Note that the increase in probability in cluster 1
and cluster 3 are statistically significant at the 99% confidence level, but
for cluster 2, it is only significant at the 95% level. Likewise, the
reduction in extreme rainfall events during La-Nina phase in cluster 3
(Ap ~ —17.8%) and cluster 2 (Ap ~ —16.4%) are also significant at the
95% confidence level.

Evidence for the large-scale impact of ENSO in the South Pacific is
shown in terms of composites of OLR and 850 hPa wind for El-Nino and
La-Nina conditions (Fig. 5d and e). During El-Nino events, the large-
scale wind patterns show westerly wind anomalies with wet condi-
tions over the equatorial and southeastern Pacific. Meanwhile, to the
southwest of the mean SPCZ, dry conditions dominate with positive OLR
anomalies (Fig. 5d). These changes reflect an equatorward and more
zonal orientation of the SPCZ during El-Nino; opposite conditions are
found during La-Nina (Fig. 5e) (Trenberth, 1976; Folland et al., 2002;
Brown et al., 2011; Vincent et al., 2011).

These changes associated with rainfall can only partly explain the
ENSO impacts on rainfall extremes in the region. In particular, La-Nina
causes the region to the southwest of the SPCZ to be wetter and the
region to the east to be drier (Fig. 5e), and this is consistent with the
impacts on extreme rainfall events in clusters 1 and 3. On the other
hand, El-Nino has its most pronounced impact on extremes in cluster 3,
but the atmospheric conditions in this region show little or no change;
while the atmospheric conditions in cluster 1 and cluster 2 are clearly
dry, but the impacts on extremes in these clusters is minimal. The dif-
ficulties in explaining ENSO impacts on extreme rainfall events could be
partly because the clusters extend over quite large domains.

4. Physical basis of extreme rainfall events

To better understand the physical mechanism, we analyze the syn-
optic conditions associated with extreme rainfall events in each cluster.
For this, we prepare the anomaly composites of selected atmospheric
fields for all extreme rainfall events. The variables used are OLR, SLP,
850 hPa wind, vertically integrated specific humidity (from the surface
up to 200 hPa), vertically integrated moisture flux divergence, evapo-
ration, and 300 hPa geopotential height. First, we present the general
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atmospheric conditions associated with all extreme rainfall events.
Second, we show lag-composites of 300 hPa geopotential height to
illustrate the influence of extratropical Rossby waves on extreme rainfall
events. Third, we briefly discuss the mechanisms of how different phases
of the MJO and ENSO help to produce extreme rainfall events in each
cluster.

4.1. General atmospheric conditions

During extreme rainfall events in all three clusters, a low-pressure
SLP anomaly is observed (Fig. 6a—c). To the northeast of the low-
pressure center, strong northwesterly wind anomalies are present that
are collocated with the maximum convection, which is indicated by
strong negative OLR anomalies. As expected, the atmosphere is anom-
alously moist in the region of enhanced convection; this is indicated by
positive specific humidity anomalies (Fig. 6g—i). The buildup of moisture
in these regions is associated with moisture convergence, which is likely
the result of the transport of moisture by the northwesterly wind
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anomalies (Fig. 6d—f). The surface evaporation tends to show negative
anomalies in the region of convection and strong positive anomalies
along the south western flank of the low-pressure center. Because the
surface evaporation tends to be negative in the region with active
convective, local changes in evaporation may not directly contribute to
extreme rainfall events.

The time evolution of the atmospheric fields shows that the low-
pressure system has already developed two to three days prior to the
composite extreme rainfall events (not shown). It is the development of
the low-pressure system that produces the anomalous cyclonic circula-
tion and intensifies the northwesterly flow. Interestingly, the vertically
integrated moisture flux convergence maximizes one day prior to com-
posite extreme rainfall events. The longitude-height profile of vertical
velocity (not shown) also shows a pronounced upward motion one day
prior to composite extreme rainfall events, but the vertical velocity
anomalies are strongest during the day of the event. The day after
composite extreme rainfall events, the low-pressure anomalies weaken,
the cyclonic circulation becomes less noticeable, and the northwesterly
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wind anomalies are reduced significantly.

The low-pressure system associated with the composite extreme
rainfall events in each cluster looks like a tropical depression. However,
a quantitative analysis shows that these low-pressure anomalies are not
related to the tropical depressions, i.e., out of all extreme rainfall events
only 20, 19, and 6 events are associated with the tropical depression in
cluster 1, cluster 2, and cluster 3, respectively. Therefore, the low-
pressure system associated with extreme rainfall events are mostly
related to other tropical disturbances, which are more likely associated
with equatorward propagation of extratropical waves, as discussed next.

4.2. Role of extratropical disturbances

Composites based on extreme rainfall events show Rossby wave-like
patterns between 30°S and 60°S for all three clusters (Fig. 7). We
observe the development of strong wave-like patterns two days before
composite extreme rainfall events. These wave trains are already
established five to six days before composite extreme rainfall events (not
shown). To better understand the potential impact of these waves on
extreme rainfall events, we define a wave index following Wallace and
Gutzler (1981). In their study, they defined the Pacific North American
wave index by combining the normalized geopotential height anomalies
at four different locations corresponding to the geopotential height
anomaly patterns. In our case, we define wave indices by considering
only three points, corresponding to the largest anomalies in the geo-
potential height associated with composite extreme rainfall events, as
indicated by the green plus signs in Fig. 7. The daily wave indices are
computed by averaging the two standardized geopotential height
anomalies for locations in the pattern with the same sign and subtracting
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Fig. 7. Anomaly composites of 300 hPa geopotential height anomalies (m) two
days prior to extreme rainfall events. A green plus sign denotes the grid point
selected for the wave index calculation. The black dots denote statistically
significant values at the 90% confidence level, computed using a bootstrap
resampling method by randomizing the time series 1 000 times. The approxi-
mate central location relative to the stations in each cluster is represented by a
green marker with a cross sign. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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the other standardized geopotential height anomaly from the location in
pattern with the opposite sign. The sign of the indices are chosen such
that positive values correspond to the patterns shown in Fig. 8. We
further normalize the daily wave indices by their respective time stan-
dard deviations. From the daily normalized wave indices, we compute
the probability of extreme rainfall events for the positive and negative
phases of wave events similar to that of the MJO, ENSO, and TCs. We
define positive (negative) wave events when the normalized wave index
is higher (lower) than 1 (—1) standard deviation. Note that the positive
events are defined such a way that the positive wave events correspond
to low pressure anomaly at the cluster location and vice versa.

To further confirm the impact of Rossby waves on extreme rainfall
events in the South Pacific, we compute the wave activity flux based on
the daily anomalies of 300 hPa geopotential height and wind (u and v
components). The wave activity flux that occurs from two days prior to
extreme rainfall events until two days after is computed by composite
analysis, considering only positive wave events (Fig. 8). Wave activity
vectors indicate the paths travelled by Rossby waves; the source of
waves is indicated by divergence of the vectors, while their impacts on
weather patterns often occurs where the vectors convergence (Takaya
and Nakamura, 1997). In general, there is a close agreement between
the propagation of the Rossby wave patterns and the wave activity
vectors. In addition to the strong zonal component of wave propagation,
the wave activity vectors exhibit northeastward component that sug-
gests the propagation of wave energy from higher latitudes towards the
low-pressure center at each cluster. For example, for cluster 1, the wave
energy propagates from the southeastern part of Australia two days prior
to composite extreme rainfall events (Fig. 8a, top panel). Similarly, for
cluster 2 and cluster 3, strong wave propagations are observed between
the dateline and 150°W two days prior to composite extreme rainfall
events (Fig. 8b and c, top panel).

The connection of extreme rainfall events and extratropical waves is
further confirmed by computing the probabilities of positive Rossby
wave index values during extreme rainfall events. Out of 331, 532, and
410 extreme events 89, 125, and 121 events are associated with positive
wave events in cluster 1, cluster 2, and cluster 3, respectively, i.e.,
roughly 26.8%, 23.5%, and 29.5% of extreme rainfall events in cluster 1,
cluster 2, and cluster 3 are associated with extratropical disturbances.
Note that the positive phase for wave activity corresponds to the geo-
potential height anomaly pattern presented in Fig. 8 for all three clus-
ters. The positive Rossby wave index values greater than one standard
deviation increase probability of extreme rainfall events in cluster 1 and
cluster 3 by 43.3% and 59.8% (both significant at the 95% confidence
level), but in the case of cluster 2, the increase in probability is 25.3%
and this value is not statistically significant at 95% level. During the
negative phase of wave index, the probability of extreme rainfall events
is reduced in all three clusters, but the magnitudes of the changes are
little lower (Apciuster 1 ~ —30.8%; APcluster 2 ~ —27.3%; APcluster 3 ~
—35.7%). All three changes in probabilities for the negative phase of the
wave index are not statistically significant at 95% level. From this, we
may conclude that the connection between extratropical disturbances
and extreme rainfall events in the South Pacific is rather weak. In
particular, the extratropical wave events are quite common in the South
Pacific with probabilities ranging from 17 to 18% for both positive and
negative wave events. However, only few extreme rainfall events in the
three clusters are associated with extratropical disturbances.

4.3. Mechanisms for TCs, MJO, and ENSO

One of the key ingredients for the occurrence of extreme rainfall
events is the availability of moisture and its convergence (O’Gorman and
Schneider, 2009). Therefore, to understand the mechanisms on how TCs,
ENSO and the MJO modulate extreme rainfall, we compute the com-
posites for these three phenomena of vertically integrated moisture flux
divergence, vertically integrated specific humidity (from the surface to
200 hPa), and 850 hPa wind. For TCs, we compute the composites for all
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available TCDs in each cluster (Fig. 9a-f). Similarly, for the MJO and
ENSO, we compute the composites for different phases of the MJO
(Fig. 10a—f) and ENSO (Fig. 11a and b). Note that for the MJO, we show
composites only for phases that correspond to the maximum change in
probability of extreme rainfall events in each cluster (i.e., phase 5 for

cluster 1; Phase 7 for cluster 2; Phase 8 for cluster 3). For comparison, we
also show the composites for respective opposite MJO phases.

TCs seem to intensify the general atmospheric conditions for extreme
rainfall events in all three clusters (Fig. 9a—c). In particular, the atmo-
spheric patterns described in Fig. 6 are generally enhanced with
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significant amplification of cyclonic circulation, enhancement of
northwesterly flow, and moisture convergence. In particular, to the
northeast of the cyclonic center, the transport of moisture by north-
westerly winds appears to contribute to the moisture convergence in all
three clusters. It is interesting to note that the anomalies of wind, spe-
cific humidity, and moisture divergences are weaker in cluster 2
compared to the remaining two clusters. The likely reason for this is the
higher number of TCDs (TCD~664) in cluster 2 and the greater
geographic distribution of stations compared to cluster 1 (TCD~352)
and cluster 3 (TCD~144); as the averaging over space and events will
smooth and weaken the atmospheric conditions. Even though the
anomalies are weak in the case of cluster 2, they are significant at the
95% confidence level.

As for TCs, we investigate the modulation of moisture convergence
by the MJO as a mechanism for extreme rainfall events in all three
clusters. We focus on moisture convergence, as it plays a key role in
providing favorable conditions for extreme rainfall events while the
local evaporation does not directly contribute (Fig. 6d-f). During MJO
phases 5, 7, and 8, the atmospheric circulation patterns corresponding to
extreme rainfall events in each cluster seems to be enhanced by the
circulation change related to the MJO (Fig. 10b,d,f). In all three cases,
northwesterly wind anomalies are present that help to strengthen the
general northwesterly wind patterns associated with extreme rainfall
events. Associated with these wind anomalies there is net moisture
convergence and increased vertically integrated specific humidity. In
contrast, during the opposite MJO phases, the wind anomalies are from
the southeast; hence the wind circulations weaken in phases 1, 3, and 4,
and there is net moisture divergence with reduced vertically integrated
specific humidity (Fig. 10a,c,e). This suggests that the MJO can increase
(decrease) the chance of extreme rainfall events through the related
circulation changes that transport moisture from equatorial regions to
(decrease) increase moisture at the cluster locations; this helps to
strengthen (weaken) the disturbances shown in Fig. 6, thereby pro-
moting (suppressing) extreme rainfall events. This effect depends on the
MJO phase and location of the cluster.

10

In the case of ENSO, we compute similar composites for El-Nino and
La-Nina conditions for all available days in November—April over the
study period (Fig. 11). Unlike TCs and the MJO, the mechanisms are less
obvious. In cluster 1, during La-Nina conditions, a weak but statistically
significant northwesterly wind anomaly is apparent to the southwest of
the mean SPCZ (Fig. 11b). The positive specific humidity anomalies are
consistent with the northwesterly flow. As a result, moisture conver-
gence is also enhanced. This could explain the increased occurrence of
extreme rainfall events during La-Nina conditions (Fig. 5a). In contrast,
during El-Nino conditions, the southeasterly wind anomalies dominate
the region with the relatively dry atmospheric condition and suppress
moisture convergence (Fig. 11a); but there is little impact on extreme
probability (Fig. 5a).

However, in the case of cluster 2 and cluster 3, the changes in the
background state during different phases of ENSO and its implication to
extreme rainfall events are less obvious. In particular, changes in the
background state of moisture and associated moisture divergence are
not systematic. During El-Nino conditions, the atmosphere is slightly dry
with moisture divergence in cluster 2, while little or no change in the
background state of moisture is observed in cluster 3. Thus, these
changes cannot explain the increase in the probability of extreme rain-
fall events found in cluster 3 during El-Nino events (Fig. 5b). On the
other hand, during La-Nina conditions, the general atmospheric condi-
tion is dry in cluster 3, but slightly positive to no change in specific
humidity anomalies are observed in cluster 2. These changes are
consistent with the decrease in the probability of extremes during La-
Nina in cluster 3, but cannot explain the decrease in cluster 2 (Fig. 5b
and ¢).

In general, we observe a considerable shift in wind circulation and
moisture convergence to the southwest and northeast of the mean SPCZ
during La-Nina and El-Nino conditions. Such a shift in background at-
mospheric conditions provides favorable (less favorable) conditions for
extreme rainfall events by supplying more heat and moisture to the at-
mosphere. These changes, however, do not correspond completely to the
observed changes in extreme rainfall events, and further work is
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Fig. 10. Anomaly composites of vertically integrated specific humidity (shaded, kg kg™1), vertically integrated moisture flux divergence (contours, 10> kg m~2s71),
and 850 hPa wind (vectors, m s~?) for selected MJO phases. Only significant values at the 95% confidence level are shown, computed using a bootstrap resampling
method by randomizing the time series 1 000 times. The approximate central location relative to the stations in each cluster is represented by a green marker with a
plus sign. The dashed (solid) contours represent negative (positive) values. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)
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Fig. 11. Anomaly composites of vertically
integrated specific humidity (shaded, kg
kg™1), vertically integrated moisture flux
divergence (contours, 10°° kg m2 s’l), and
850 hPa wind (vectors, m s 1) for ENSO
phases. Only significant values at the 95%
confidence level are shown, computed using
a bootstrap resampling method by random-
izing the time series 1 000 times. The
approximate central location relative to the
stations in each cluster is represented by a
green marker with a plus sign. The dashed
(solid) contours represent negative (positive)
values. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the Web version of this article.)
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required to understand the ENSO impact on extreme rainfall events in
this region.

5. Summary and discussion

We investigate the impact of TCs, MJO, ENSO, and extratropical
Rossby waves on extreme rainfall events in the South Pacific from 1979
to 2018 based on daily station and reanalysis data sets. From a proba-
bilistic point of view, TCs are the most important factors affecting the
occurrence of extreme rainfall events over the South Pacific, followed by
the MJO and ENSO. Extratropical Rossby waves do not seem to have
significant impact on extreme rainfall events in the South Pacific,
however, they can generate necessary disturbances that can develop into
extreme rainfall events.

The most significant impact of TCs is observed in cluster 1, where
there are, in general, a higher number of TCs (Dowdy et al., 2012). This
is also the region with the most intense TCs (Dowdy et al., 2012). Thus, it
is not surprising that the impact of TCs is more pronounced in cluster 1.
However, the considerably lower impact of TCs on the probability of
extremes in cluster 2 needs further explanation. The occurrence of less
intense TCs along the SPCZ compared to the region west and east of the
SPCZ is one possible reason (Fig. 4, Dowdy et al., 2012). The total
number of TCD observed in cluster 2 is significantly higher (TCD~664)
than in cluster 1 (TCD~352), but the number of TC induced extreme
rainfall events in the two clusters are comparable (TCDjyster1 ~55 and
TCDejustera~57)- This suggests that even if there are a substantial num-
ber of TCDs, only a few TCs produce extreme rainfall events in cluster 2.
Likewise, the relatively bigger impact of TC on the probability of
extreme rainfall events in cluster 3 than cluster 2 is also likely because of
more intense TCs in the far eastern SPCZ compared to the central SPCZ
(Fig. 4, Dowdy et al., 2012).

The most extreme rainfall events in cluster 1 are associated with TCs;
while for the other two clusters, it is not clear what synoptic phenomena
drive the most extreme rainfall events. Furthermore, our analysis sug-
gests that neither tropical depressions nor extratropical Rossby waves
contribute to the most extreme rainfall events in cluster 2 and cluster 3.
Therefore, which synotpic scale phenomena are most important for
driving extreme rainfall events in these two regions remains an open
question that needs further study.

The convective phases of the MJO over the South Pacific are linked to
the increased frequency of extreme rainfall events. In particular, MJO
phases 1, 5, 6, 7, and 8 are associated with a higher probability of
extreme rainfall events in the South Pacific. Matthews and Li (2005)
observed a significant impact of the MJO on daily station rainfall over
the South Pacific. They identified four different categories of the
large-scale rainfall structures over the western Pacific, and three of them
correspond to the respective OLR composites for cluster 1, cluster 2, and
cluster 3 in our analysis. Similarly, these three large-scale rainfall
structures are consistent with the MJO phase composites of OLR
anomalies for MJO phases 5, 7, and 8 (Fig. 4h,i,k). Furthermore, Jones
et al. (2004) investigated the impact of the MJO on the occurrence of
global rainfall extremes by using the pentad GPCP rainfall data. They
also identified four leading OLR patterns similar to that of Matthews and
Li (2005), and three of them correspond to MJO phases 5, 7, and 8. They
further concluded that these large-scale patterns are associated with the
higher frequency of extreme rainfall events over the South Pacific
(Fig. 6, Jones et al., 2004). Our results are consistent with the findings of
these studies.

The impact of ENSO on the occurrence of extreme rainfall events is
less clear, particularly for cluster 2 and cluster 3. For cluster 1, the in-
crease (decrease) in the probability of extreme rainfall events during the
positive (negative) phase of ENSO is somewhat related to the south-
westward (northeastward) shift of SPCZ. Such a displacement of SPCZ
tends to shift the warm and moist regime that can support more extreme
rainfall events. For cluster 2 and cluster 3, even though the probability
estimates show a statistically significant change in probability during
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ENSO phases, the large-scale patterns of OLR, surface wind, and mois-
ture convergence are not consistent with the changes in probabilities.
One possible explanation for this could be the choice of cluster size. It is
evident from Figs. 5 and 11 that the stations in cluster 2 and cluster 3 are
distributed across different ENSO regimes. For example, for cluster 2,
during El-Nino condition, the northernmost stations (north of central
location of cluster) show more humid atmosphere and moisture
convergence, whereas the opposite patterns are observed for the
southernmost stations (south of central location of cluster) (Fig. 11).
Similarly, for cluster 3, stations to the northeast (southwest) of the
central location show opposite patterns during different ENSO phases. It
is difficult to cluster limited number of stations that suits all different
phenomena considered with different spatial scales. Therefore, to better
understand the impact of ENSO on the extreme rainfall events in the
South Pacific, the clustering should be revisited by adding more stations
in future work.

TC activity over the South Pacific is linked to the phases of MJO and
ENSO and therefore, it is interesting to discuss briefly how the combined
influence of MJO and TC or ENSO and TC influence extreme rainfall
events in the South Pacific. Klotzbach (2014) investigated the impact of
the MJO on worldwide TC activity and found that the thermodynamic
conditions for TCs is more (less) favorable in the South Pacific during
MJO phases 6-8 (2-5). In our case, we also found considerably higher
frequencies of TCs during extreme rainfall events in phases 6-8
compared to phases 2-5. There are 24, 23, and 8 TCs in cluster 1, cluster
2, and cluster 3, respectively that are associated with extreme rainfall
events in phase 5-8, whereas only 9, 14, and 2 TCs are observed during
phases 2-5. This suggests that the increased (decreased) probability of
extreme rainfall events during certain phases of MJO may be partly
related to the MJO induced changes in TC activity. In the case of ENSO,
the displacement of the SPCZ during ENSO events is also found to
modulate TC activity. For example, as the SPCZ migrates to the south-
west during La-Nina events, TC activity also increases in this region
because the conditions are more favorable for TCs (Revell and Goulter,
1986; Hastings, 1990; Basher and Zheng, 1995; Kuleshov et al., 2008).
Therefore, the modulation of probability of extreme rainfall events
during different ENSO phases can also be partly related to changes in TC
activity. The number of TCDs is relatively high during La-Nina condi-
tions in cluster 1 (n~15) and during El-Nino conditions in cluster 2
(n~17) and cluster 3 (n~8). For the opposite ENSO phase the corre-
sponding numbers are lower (7, 8, and 0 in cluster 1, cluster 2, and
cluster 3, respectively). Even though the numbers of TCDs are small and
the differences between positive and negative phase are not statistically
significant, these results are still consistent with previous findings
(Basher and Zheng, 1995; Terry, 2007; Dowdy et al., 2012). While these
results for combined effects of different phenomena are inconclusive
because of the small sample size, we hope they will motivate future
work.

Extreme rainfall events in the South Pacific are linked to cyclonic
circulation anomalies associated with low-pressure systems. The
cyclonic circulation anomalies are found to enhance the northwesterly
flow. Such changes in wind circulation are accompanied by the transport
of moisture from the equatorial region and enhanced moisture conver-
gence. The increase in moisture convergence due to the enhancement of
the wind circulation is the key mechanism for extreme rainfall events
during TCDs and different phases of the MJO. A similar mechanism has
been proposed by Ren and Ren (2017) while studying the impact of the
MJO on extreme rainfall events in Southern China. In particular, the
modulation of circulation and moisture during TCDs and active MJO
phases in the South Pacific can lead to more or less suitable conditions
for extreme rainfall events.

Apart from MJO, ENSO, and TCs, we also found a link between
extratropical Rossby waves and the synoptic conditions associated with
extreme rainfall events in all three clusters. The propagation of wave
energy two days prior to extreme rainfall events from the subtropical
region to the low-pressure center is evident in all three clusters. The
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impact of extratropical disturbances on tropical convection is shown by
various studies (Lim and Chang, 1981; Webster and Holton, 1982;
Weickmann, 1983; Liebmann and Hartmann, 1984; Slingo, 1998;
Yoneyama and Parsons, 1999; Knippertz, 2005; Allen et al., 2009). In
particular, Hoskins and Yang (2000) suggested that extratropical waves
could lead to a perturbation of the equatorial waveguide that further
helps to organize convection in the tropical region. However, the
frequent occurrence of extratropical wave events does not substantially
change the probabilities of extreme rainfall events in the South Pacific.

The understanding of present climate can be useful for understand-
ing future climate change. Thus, we compare our results with the main
findings of present and future changes in extreme events from the
Intergovernmental Panel on Climate Change (IPCC) report on climate
change. The IPCC fifth assessment report concluded with high confi-
dence that the small island countries over the South Pacific are highly
vulnerable to climate related extreme events (Field et al., 2012; Stocker
et al., 2013). The mean rainfall is projected to increase in the future with
more extreme rainfall events for many island nations in the South Pa-
cific. The fifth assessment report has identified TCs as one of the main
drivers of climatic extreme events in the South Pacific. We also show
that TCs are the most important factor for extreme rainfall events in the
South Pacific. Furthermore, it is projected that the average maximum
intensities of TCs will be increased in the future climate. Thus, it is likely
that the intensities of TC induced extreme rainfall events will also in-
crease in future climate, particularly in cluster 1. Considering these
future changes in extreme frequency and intensities of TCs and results
from our study, it is interesting to investigate how TCs impact the
occurrence and magnitudes of extreme rainfall events in different future
climate change scenarios. This might be an interesting topic for future
study.

In summary, this study identifies the key factors affecting extreme
rainfall events and their mechanisms over the South Pacific. The analysis
mostly focuses on the impacts of an individual phenomenon (TCs, ENSO,
MJO, extratropical Rossby waves) on extreme rainfall events. Our re-
sults should be useful for futures studies on the combined impacts of
these phenomena on rainfall extremes in the South Pacific. We hope they
will also motivate studies on predictability of extreme rainfall events in
this region and on climate change impacts.
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TCs Tropical Cyclones
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RMM Real-time Multivariate MJO
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