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Abstract

The prime concerns for future disruptions in the El Nifio-Southern oscillation (ENSO)-sensitive U.S.-affiliated Pacific islands
(USAPIs) are centered on the consequences of increasing frequency of ENSO and related drought and flooding activities.
Recent observations also revealed that island-specific rainfall and sea-level patterns appear to be different during the three
types of El Nifio events (eastern, mixed, and central Pacific). The primary motivation of the study is to identify the impacts
of three different types of El Nifio on rainfall and sea-level variability in USAPIs. Results reveal that different types of El
Nifio can lead to different variations in rainfall and sea level in the USAPIs. While the eastern Pacific and mixed El Nifio
events are associated with lower than normal rainfall in all USAPISs, the central Pacific El Nifio events are found to be associ-
ated with enhanced rainfall in many USAPIs. Similarly, while all the USAPIs displayed lower than normal sea level during
eastern Pacific and mixed El Nifio events, some of the USAPIs displayed higher than normal sea level during central Pacific
events. Information related to island-specific rainfall and sea-level response to different El Nifio events is critical to support

the short-to-mid-term planning and management in climate-sensitive sectors in the USAPIs.

1 Introduction

While long-term decadal variations in climate are increas-
ingly understood to exist (see Irving et al. 2011), our
ability to predict such changes in an operational context
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(short-to-medium term) is somewhat difficult, particularly
for the small islands in the U.S.-affiliated Pacific islands
(USAPIs) (see Chowdhury and Chu (2019) for a synthe-
sis of long-term climate change impacts on USAPIs). In
contrast, the El Nifio-Southern Oscillation’s (ENSO) inter-
annual time-scale variability and impacts, which are pro-
jected to intensify in future, are found to be more effective
for developing an immediate response plan for adaptations.
Despite the long-term warming signal, the primary concerns
for future disruptions in the USAPIs (Fig. 1) are centered
on the consequences of the increasing frequency of ENSO
and related rainfall, sea level, and other climate variability
(Power et al. 2017). The USAPI region is located near the
center of activity of the major variations in atmospheric and
oceanic circulation associated with ENSO. The impact of
ENSO on tropical cyclones (TCs) is also important; how-
ever, it is not within the scope of this study (see Lander
1994; Chu 2004; Marler 2014).

The main objective of this study is to synthesize the
physical and social impacts of three different types of El
Nifio: Eastern Pacific El Nifio (EPE) or cold tongue El Nifio;
mixed El Nifio (ME); and Central Pacific El Nifio (CPE),
also warm pool El Nifio or El Nifio Modoki (Kug et al. 2009;
Murphy et al. 2014). The CPE events are becoming more
common, a trend that is projected to continue with ongoing
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Fig.1 Locations of U.S.-affiliated Pacific islands (USAPIs); those
discussed here are labeled with black dots. The USAPIs are com-
posed of Guam, Commonwealth of the Northern Mariana Islands
(CNMI) (Saipan), the Republic of the Marshall Islands (RMI)

climate change (Freund et al. 2019). Looking at the past four
centuries, the most recent 30-year period includes fewer,
but more intense, EPE events (Lee and McPhaden 2010;
Freund et al. 2019). Wang et al. (2019) showed that since
the 1970s El Nifio changed its origination from the eastern
Pacific to the western Pacific, along with increased strong
El Nifio events due to a background warming in the western
Pacific warm pool. Changes in El Nifio’s location and inten-
sity under anthropogenic warming are of great importance to
society; however, current climate models’ projections remain
uncertain.

The motivation for this study emerged as recent evidence
showed that the island-specific rainfall and sea-level pat-
tern (https://www.weather.gov/peac/update; accessed on
May 2019) appear to vary between the three different types
of El Nifio events (see Ludert et al. 2018). This was unex-
pected as the apparent rainfall pattern looks only slightly
different from previous study by Murphy et al. (2014) where
the ME and CPE events are associated with significantly
wetter than normal conditions in the same western Pacific
islands. However, in contrast to Murphy et al. (2014), some
of the USAPIs display significantly lower than normal rain-
fall during ME and CPE events. Similarly, while lower than
normal sea level is clearly visible across the USAPIs during
an EPE event, some of the islands experienced elevated sea
levels during ME events. These findings are somewhat new
and very critical to support the short-to-midterm planning
and management in ENSO-sensitive sectors for the USAPI
region. It is necessary to expand our understanding on the
trend of changing El Nifio to understand the relationship
between different types of El Nifio and island-wide rainfall
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(Majuro and Kwajalein), and the Federated States of Micronesia
(FSM) (Chuuk, Kosrae, Pohnpei, which includes the island of Kap-
ingamarangi, and Yap)

and sea-level variations, because this information is essential
for hazard management in the USAPIs.

Three El Nifio events are classified on the basis of spa-
tial patterns of the sea surface temperature (SST) anomaly
during 1970-2019. The anomalies are averaged from Sep-
tember to the following February and discussed further in
Sect. 4 (see Kug et al. 2009). The EPE event is characterized
by relatively large SST anomalies in the Nifio-3 region (5°
S—5° N, 90-150° W). The ME is linked to SST anomalies
bounded by Nifo-3.4 region (5° S-5° N, 170°-120° W), and
the CPE event is connected to SST anomalies in the Nifio-4
region (5° S-5° N, 160° E-150° W). The SST pattern of
the EPE event is quite similar to that of the conventional
El Nifio (Rasmusson and Carpenter 1982) and the SST pat-
tern in the CPE is similar to Fang and Mu (2018) (also see
Freund et al. 2019; Lu et al. 2020). The main focus of this
work is centered on El Nifio-impacts as the frequency of
extreme El Nifio events doubles under the 1.5 °C Paris tar-
get, while extreme La Nifia events see little change at either
1.5° or 2 °C warming (Guojian et al. 2017). Therefore, from
a disaster risk reduction perspective, the El Nifio-induced
hazards need immediate attention in the USAPIs (also see
Kelman 2019).

2 Data, basic indices, and methods

SST and wind indices for different (EP, ME, CP) El Nifio
years: The Extended Reconstructed SST (ERSST: version
4) (Comprehensive Ocean—Atmosphere Data) data from
the National Oceanic and Atmospheric Administration
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(NOAA)-National Center for Environmental Information
(NCEI) is used. The SST data for the tropical region extend
from 35° S to 35° N and 100° E to 60° W. The research
and development application tool of the ‘Physical Sciences
Laboratory’ of NOAA (available at https://psl.noaa.gov/cgi-
bin/data/composites/printpage.pl) is used to plot composite
maps. For atmospheric circulation data (vector wind at 850-
hPa), the NCEP/National Center for Atmospheric Research
(NCAR) reanalysis was used (Kalnay et al. 1996 and refer-
ences therein). This 850-hPa level is known to be a good
indicator of broad-scale features of low-level winds.

Monthly average rainfall data: The station-based
observed rainfall data (1950-2004) are from the NCEI data
portal and the most recent rainfall data (2005-2019) from
the PEAC-monthly conference call summary report (avail-
able at https://www.weather.gov/peac/PEAC_Monthly_
Call). The National Weather Service (NWS) field offices
at the USAPIs are the primary source of this rainfall data,
which is collected daily from different rain-gauge stations.
The PEAC Center continuously monitors the station-based
monthly rainfall information for each of the islands. The
island-wide annual rainfall standard deviation ranges from
42 to 110 mm with Chuuk being the lowest at 42 mm and
Guam the highest at 110 mm. Other islands such as Saipan,
Palau, Yap, Pohnpei, Kosrae, Majuro, Kwajalein, and Pago
Pago showed values of 100, 90, 97, 69, 50, 56, 85, and
73 mm, respectively.

As a measure of uncertainty, the standard deviation of
October—June rainfall on each island for each of the El Nifio
types has been computed. For the EPE, the variability runs
from 64 to 134 mm with the largest one at Kosrae and small-
est at Chuuk, which indicates that the spread is largest at
Kosrae and smallest at Chuuk. For the CPE, the variability
runs from 60 to 108 mm with the largest one at Pohnpei and
smallest at Palau. Similarly, for the ME the variability is
79—164 mm with the largest at Kosrae and smallest at Yap.

Monthly mean sea-level data: The research quality
monthly (January to December 1970-2019) sea-level
data were downloaded from the web site of University of
Hawaii Sea Level Center (UHSLC) (https://uhslc.soest.
hawaii.edu/). These observed tide-gauge data are used in
the PEAC Monthly Conference Call. The Tidal Epoch is
defined as the period 1983-2001 and the climatological
seasonal cycles are removed from the data. The record was
at least 80% complete with no more than five missing years
and no more than three consecutive missing years (also see
Kruk et al. 2013). The missing values were replaced by
the best “nearest neighboring stations”, provided the time-
series of the two stations are found to be highly corre-
lated and statistically significant. American Samoa (Pago
Pago) is the exception due to a level shift of ~ 127 mm
during an earthquake in September 2009. An adjustment
was made to the current tide-gauge values for Pago Pago

to compensate for the level shift. The island-wide stand-
ard deviation of sea-level variability lies between 64 and
110 mm with the largest one at Palau and smallest one at
Majuro. The standard deviation for Guam, Yap, Pohnpei,
Kwajalein, and Pago Pago are 92, 109, 83, 75, and 93 mm,
respectively.

While the calculation of global mean sea level from tide
gauges is not straightforward due to a number of consid-
erations, including local and regional changes in winds
and ocean circulation, and the lack of a common datum
across tide-gauge sites. As a measure of uncertainty, the
standard deviation of October—June sea level at each island
for each of the El Nifio types has been computed. For the
EPE, the variability runs from 47 to 139 mm with the larg-
est one at Palau and smallest at Guam, which indicates that
the spread is largest at Palau and smallest at Guam. For
the CPE, the variability runs from 15 to 34 mm with the
largest one at Palau and smallest at Pago Pago. The vari-
ability runs from 27 to 68 mm during an ME event with
the largest value at Palau and smallest at Kwajalein. The
uncertainty in sea level as measured by the spread is much
smaller during the CPE events.

3 El Nino simulation from CMIP5 models

The CMIP5 model-based study (Taylor et al. 2012) pro-
vides a strong message about the increased risk of extreme
El Nifio conditions (see Guojian et al. 2017 and references
therein) for future generations and demonstrates that both
the frequency and intensity of the strong El Nifio events
increase significantly if the projected central Pacific
zonal sea surface temperatures (SST) gradients become
enhanced. The studies revealed that the frequency of
extreme El Nifio events doubles under the 1.5 °C Paris
target and could occur roughly every 10 years instead of
every 20 (Guojian et al. 2017; Cai et al. 2014; Cai et al.
2015a; Cai et al. 2015b; Weare 2013, and references).
Wang et al. (2019) and other studies (see Power et al. 2017
and references) also noted that there is a tendency for the
frequency of both El Nifio and La Nifia to increase in the
future (also see Timmermann et al. 1999; Guojian et al.
2017; and Cai et al. 2021). However, as per multi-model
output (see Guojian et al. 2017 and references therein),
there is little to no change of La Nifia under 1.5 °C or
2 °C warming. This means a greater likelihood of more
intense El Nifio-related impacts on the USAPIs in the near
future. This will not be discussed in any more detail as
this has already been addressed in many other papers (see
Guojian et al. 2017; Cai et al. 2014; Cai et al. 2015a; Cai
et al. 2015b; Weare 2013; Wang et al. 2019; Power et al.
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2017; Timmermann et al. 1999; and Cai et al. 2021 and
references therein).

4 An overview of different types of El Niio

Studies have shown that El Nifio has different “flavors”
(Larkin and Harrison 2005; Ashok et al. 2007; Kug et al.
2009) and they are primarily classified on the basis of spa-
tial patterns of the SST and, sometimes, wind anomalies.
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Fig.2 Composites of SST (°C) (left) and 850-hPa vector wind (m/s)
(right) anomalies of El Nifio events during 1970-2019 (note that
1981-2010 is the climatological period). The anomalies are averaged
from September to the following February (SONDJF) and computed
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A composite of SST and low-level wind anomalies of EPE,
ME, and CPE types of El Nifio events during 1970-2019 is
presented in Fig. 2, and the years of occurrences of these
events are summarized in Table 1.

Note that the classification of El Nifio events (Table 1) is
primarily based on Kug et al. (2009). The three groups of El
Niflo are classified based on the zonal location of the equato-
rial SST. Some El Nifio events show stronger SST anomalies
in the eastern Pacific and are characterized by relatively large
SST anomalies in the Nifio-3 region (5° S-5° N, 150°-90°
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for the year clusters listed in Table 1. The El Nifio events are classi-
fied into EPE (top), ME (middle) and CPE (bottom). The black boxes
(left panel) indicate Nifio-3 (top), Nifo-3.4 (middle), and Nifo-4
(bottom)
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Table1 Years of EPE, ME,and g e pacific Bl Nifio (EPE)

Mixed El Nifio (ME) (Nifio-3.4  Central Pacific (CPE) (Nifio-4

CPE events (Nifio-3 region) 5° S=5° N, region) (5° S—5° N, 170-120° W) region) 5° S—5° N, 160° E-150°
90-150° W) w
1972-73 1986-87 1977-78
1976-77 1987-88 1990-91
1982-83 1991-92 1994-95
1997-98 2002-03
2015-16 2004-05
2009-10
2018-19

The SST anomalies are averaged from September to the following February. (In addition, see Kug et al.

2009)

W). These are classified as EPE and include the events in
1972-73, 197677, 1982-83, 1997-98, and 2015-16. Note
that the SST pattern of the EPE events is quite similar
to that of the conventional El Nifio. However, unlike the
EPE, some El Nifio events have larger SST anomalies in
the central Pacific Nifio-4 region (5° S-5° N, 160° E-150°
W). These are CPE and the events in 1977-78, 1990-91,
1994-95, 2002-03, 2004-05, 2009-10, and 2018-19 fall
into this group. There is another type of El Nifio which
shows the maximum SST anomalies in between 120° and
150° W. These are ME events and 1986-87, 198788, and
1991-92 fall into this group.

The EP type of El Nifio is associated with the basin-wide
thermocline and surface wind variations. Its largest SST
anomalies are in the eastern equatorial Pacific (Fig. 2, left/
top) and then propagate westward to the equatorial central
Pacific (Rasmusson and Carpenter 1982). The CPE events
have their largest SST anomalies centered in the central
equatorial Pacific (Fig. 2, left/bottom) and their propagat-
ing features are less clear (Kao and Yu 2009). In particu-
lar, the thermocline variations appear to exert less influ-
ence on the CPE type and zonal advection feedback and
air-sea heat fluxes become more important for the central
Pacific SST anomalies (Kug et al. 2009; Kao and Yu 2009;
Newman et al. 2011). The CPE type may also be driven
by atmospheric forcing from the subtropical North Pacific
by the footprinting mechanism (Vimont et al. 2003). The
subtropical atmospheric circulation can first induce posi-
tive SST anomalies off Baja California during boreal winter,
which then spread southwestward in the following seasons
through the subtropical atmosphere—ocean interaction and
reach the tropical central Pacific to yield a CPE (Kim and Yu
2012; Paek et al. 2017). The ME (Fig. 2, left/middle) event
is characterized by a SST pattern in which the maximum
anomalies are located south of Hawaii, in the center of the
Nino3.4 domain.

It is important to note that during EPE events, the Aleu-
tian low deepens and shifts equatorward, bringing an anom-
alous northwesterly flow to the subtropical eastern North

Pacific (Fig. 2, right/top). Of relevance to the USAPI is the
establishment of anticyclonic anomalies over the Philippines
Sea. The presence of the anticyclone suppresses convection,
which contributes to low rainfall and drought in the western
Pacific islands (Yu et al. 1997; Ludert et al. 2018). Westerly
wind anomalies emerge in the equatorial Pacific early in the
year and extend eastward to 120 W during Sep—Feb. Simi-
larly, for ME, the Aleutian low deepens but the Philippine
Sea anticyclone is replaced by a weak cyclonic circulation
(Fig. 2, right/middle). The equatorial westerly anomalies are
strongest during the mixed events and centered near the date-
line. In contrast, for the CPE events, the anomalous cyclonic
flows over the western Pacific are conspicuous and wide
spread. As a result, the band of maximum equatorial wester-
lies is confined to near 150° E (Fig. 2, right/bottom), which
is westward relative to EPE and ME. The following section
provides an update of island-wide month-by-month rainfall
and sea-level variability during EPE, ME, and CPE events.

5 El Nifo impacts on the USAPIs

Climatologically, easterly trade winds prevail in the tropi-
cal Pacific from a region of high pressure over the eastern
extent of North and South Pacific basins toward a region
of low pressure in the western Pacific. Since surface winds
in the tropics mainly follow the pressure gradient, easterly
winds prevail. The easterly winds not only induce equatorial
Ekman upwelling because of the Coriolis effect, creating a
cold tongue in the equatorial eastern Pacific, but they also
raise sea level in the west and lower it to the east.

Wyrtki (1975) found that in the year before an El Nifio
occurred, trade winds strengthened, increasing the zonal gra-
dient of sea level across the tropical Pacific by building up
the water in the western Pacific. Any prolonged relaxation
of central Pacific trade winds would then lead to a dynami-
cal consequence in which the accumulated western Pacific
warm water and high sea level would not be maintained
under a reduced zonal sea-level gradient, and thus would

@ Springer



80 Page 6 of 10

M. R. Chowdhury et al.

travel eastward as a wavelike body known as oceanic Kelvin
waves, deepening the thermocline and raising the sea level
and sea surface temperature of the eastern equatorial Pacific
(Delcroix et al. 1991).

Some of the USAPIs have experienced El Nifio-related
drought (Yu et al. 1997; Ludert et al. 2018) and La Nifia-
related flooding (Chowdhury and Chu 2019). Specifically,
the low-lying atolls in the Federated States of Micronesia
(FSM) and Republic of Marshals Islands (RMI) are particu-
larly vulnerable to El Nifio-related lower rainfall, lower sea
level, and related heat stress. La Nifia-related heavy rainfall
and higher sea levels can cause flooding disruptions to these
islands as well. This is a major concern as the sea level in
the USAPI region is highly sensitive to ENSO, with low sea
level (on an average 50—150 mm lower than normal) during
El Nifio years and high sea level (on an average 50—150 mm
higher than normal) during La Nifia years (Chowdhury et al.
2007; Chowdhury et al. 2014; Chowdhury and Chu 2015;
also see Becker et al. 2012).

A recent study by Freund et al. (2019) demonstrated that
El Nifio events differ substantially in their spatial pattern,
intensity, and impacts on the location and intensity of tem-
perature and precipitation anomalies globally. Fang and Mu
(2018) noted that while the simple zonal two-region frame-
work of the recharge paradigm can accurately manifest the
EPE, it cannot fully depict the variations of the CPE. This
is because of the difference in locations of the major warm-
ing centers, which are located in the eastern Pacific during
the EPE (Fig. 2, left/top) and central Pacific during the CPE
(Fig. 2, left/bottom) events. Wang et al. (2019) hypothesized
that this regime change arises from background warming
in the western Pacific and associated increased zonal sea
surface temperature (SST) gradients in the equatorial central
Pacific, which reveals a controlling factor that could lead to
increased extreme El Nifio events in the future. To overcome
the future challenges of hazard management in the USAPIs,
the island-specific physical interpretations of different El
Nifio impacts on rainfall and sea level are critical.

5.1 Seasonal rainfall variability

Previous studies (Yu et al. 1997; Ludert et al. 2018) con-
firmed that the rainfall variations in the USAPIs are signifi-
cantly distinct in El Nifio and La Nifia years, and the change
in El Nifio rainfall is different from a non-El Nifio year. The
ENSO-related variations in trade winds strongly influence
the western extremity of the Pacific (Collins et al. 2011).
Ludert et al. (2018) showed that rainfall anomalies have
different relationships to ENSO for the USAPIs. Murphy
et al. (2014) showed that the three types of El Nifio produce
different rainfall impacts across the tropical Pacific island
countries.

@ Springer

Figure 3 shows the observed rainfall pattern across the
USAPI during different El Nifio types. It is clear that during
the EPE events (Fig. 3, top), all northwestern Pacific (NWP)
islands displayed significantly lower than normal rainfall (on
average 40-80% below) from October (El Nifio O or the year
of onset of the event) to the following May (El Nifio+ 1),
and it statistically significant from non-El Nifio years. Only
one south Pacific USAPI (Pago Pago in American Samoa)
also displayed lower than average rainfall with exceptions
around the month of December and following April, where
it shows near normal rainfall. The ME events (Fig. 3, mid-
dle) show an erratic trend for all NWP islands during Octo-
ber to January. Any definitive conclusion for this trend is
a subject for further study. Interestingly, unlike Murphy
et al. (2014), a clear pattern of lower than normal rainfall
(on average 20-60% below) is noticeable in the same NWP
region from February to May (EI Nifio+1). The SP islands
(Pago Pago in American Samoa) displayed similar EPE like
trend with weaker magnitude and some exceptional high
peaks (40-70% above) during the month of December and
April. The CPE types (Fig. 3, bottom) show that many NWP
islands recorded higher than normal rainfall and wetter (on
average 20-60% above rainfall) from January to April (El
Nifio +1). The south Pacific station also displayed a similar
wet pattern from October (El Nifio 0) to May (EI Nifio+1).
Therefore, the EPE events are associated with drier than
normal rainfall from October of the El Nifio developing year
to May of the following year because of the dominance of
anticyclonic anomalies in the western Pacific islands. Wet-
ter than normal rainfall is generally observed from January
to April of the year following an El Nifio event during the
CPE events. This wet period is rather short (4 months) rela-
tive to the long-lasting drought (8 months) observed during
the EPE events. In the ME event, the entire USAPI did not
show any sign of drought until February of the following
year and the lower than normal rainfall continued through
the following May.

5.2 Seasonal sea-level variability

The anomalous low-level wind generates an anomalous oce-
anic state in the tropical Pacific Ocean and, as a result, vari-
ations in sea-level height occur. Using observational data,
Fig. 4 shows sea-level anomalies during the EPE (top), ME
(middle), and CPE (bottom) events.

For the EPE composite, with the reduction of equatorial
easterlies in the form of weak westerly anomalies (Fig. 2)
over the equatorial western Pacific, negative sea-level
anomalies start from September of El Nifio O (the year of
onset for El Nifio) and all North Pacific stations stay sig-
nificantly below normal until the following March (Fig. 4,
top). After March, there is a slight rise and after April some
North Pacific stations (e.g., Palau, Pohnpei, Majuro, and



Rainfall and sea-level variability in the face of changing El Nifio: evidence from the...

Page70of10 80

Fig.3 Monthly observed = Guam = Yap m=m Chuuk = Kwajalein
mean rainfall anomalies in the Palau Pohnpei Majuro PagoPago
USAPIs during EPE (top), ME
(middle), and CPE (bottom) 40 EPE
events (1975-2019) (Y-axis: I
rainfall anomaly in %, X-axis:
months) (Note that the Y-axis
scale for each panel is different
from the others). (Data Source:
PEAC’s monthly conference
call note available at https:// ‘
www.weather.gov/peac/PEAC_
Monthly_Call, accessed on = 80
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Kwajalein) start to show near normal or positive anomaly
while Guam still stays marginally below normal. This is due
to the eastward movement of equatorial westerly anomalies
and reversal of the prevailing wind direction between 160°
E and 160° W (Fig. 2, top/right panel) (Chowdhury et al.
2007).

The ME (Fig. 4, middle) events display a pattern similar
to EPE (i.e., lower than normal sea level) but with some
noticeable exceptions. For example, while the sea level dur-
ing EPE events stays significantly below normal with a posi-
tive slope in time (not shown but is on average 200—50 mm
below) from October to March (Fig. 4, top), the ME events
display a concurrent negative slope (not shown but is on
average 20—150 mm below) from October to April. In the
case of ME, considerably lower than normal (50-150 mm
below) sea level did not occur until December and is delayed
by 2 months relative to EPE events.

For the CPE events, both the RMI stations (e.g., Majuro
and Kwajalein) in the eastern extreme of the NWP display
positive anomalies from September of El Nifio O to the fol-
lowing May (Fig. 4 bottom). This is consistent with Kug

Jan Feb
Months

Dec Mar Apr May

et al. (2009) who reported that during CPE the positive
sea-level anomaly is located over the central Pacific (maxi-
mum near 150° W). One of the FSM stations (Pohnpei)
stays near normal from October to February, followed by
positive anomalies from March to June. The other three
stations (Guam, Palau and Yap) show significant negative
anomalies (25-100 mm below) until the following April.

The other interesting point is the response from the
South Pacific islands during EPE events. While the North
Pacific islands show negative anomalies from October,
Pago Pago’s negative anomalies do not appear until Janu-
ary (Fig. 4, top). This is attributed to the changing loca-
tion of surface westerly winds during the evolution of an
EPE episode. This wind causes the North Pacific islands
to record negative sea level from July to December. As the
season advances, the band of westerly winds moves east-
ward and causes American Samoa (Pago Pago) to show
negative sea-level anomalies from January to June of El
Nifio 4+ 1 with a six month time lag as compared to Guam
and the Marshalls (Fig. 4, top) (Chowdhury et al. 2007).
Since the equatorial westerlies are confined in the western

@ Springer
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Pacific during CPE (Fig. 2), persistent and negative sea-
level anomalies are observed at Palau, Guam, and Yap
from December to the following March (Fig. 4, bottom).
Previous studies of Chowdhury et al. (2007) found that
the sea-level variations in the tropical Pacific islands are
distinct in El Nifio and La Nifia years. To verify if the cur-
rent results are statistically significant or not, a non-para-
metric Mann—Whitney test (Chu and Chen, 2005; Wilks,
1995) was conducted. Because of the smaller sample size
for each data batch, a non-parametric test is justified. To
verify the contrast between the two extreme events, the
two sea-level data batches pertinent to El Nifio and non-El
Nino (La Nifia) years are pooled from the samples. The
null hypothesis is that the two batches come from the same
distribution. Results indicate that sea-level variability dur-
ing the El Nifio years are different and statistically signifi-
cant when compared to non-El Nifio years. In the north
USAPIs, it is statistically significant at the 5% level for
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the seasons OND, JFM, and AMJ. Only one of the South
Pacific USAPIs, American Samoa (Pago Pago), did not
show any clear evidence of significance.

6 Conclusions

Using observational data, we examined rainfall and sea-
level variability in the USAPI region. The results show
that the classifications of EPE, CPE, and ME adequately
depict the different variations of rainfall and sea-level
anomalies in the USAPI region (with other modes still
possible). The key findings are as follows.

e While the EPE and ME events are associated with
lower than normal rainfall (October to June) in the
USAPIs, the CPE events are linked to enhanced rain-
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fall, particularly from January to April, for most of the
islands.

¢ Similarly, the EPE and ME events are associated with
lower than normal sea level in the USAPIs, while the
CPE events are linked to higher than normal sea level,
particularly from January to May, for some islands
(e.g., Majuro, Kwajalein, and Pago Pago).

e With the exception of Pago Pago in American Samoa,
the EPE and ME events are associated with dry condi-
tions for the entire USAPIs, however, CPE events are
linked to more variability in rainfall with wetter condi-
tions observed at majority of islands.

Current observations already indicate an increasing El
Nifio trend and, since the late 1990s, the numbers of CPE
events have significantly increased relative to EPE events
(e.g., Lee and McPhaden 2010; Lu et al. 2020). The recent
CMIP5-model-based study (see Guojian et al. 2017 and
references therein) also provided a strong message that El
Nifio events are in the process of becoming more intense in
the future. Therefore, the prime concerns for future disrup-
tions in the USAPI region, particularly the water-stressed
islands and low-lying atolls in the FSM and RMI, are heavily
dependent on the consequences of the increasing frequency
of El Nifio and related rainfall, sea level, and other climate
anomalies. Therefore, information related to island-specific
rainfall and sea-level response to different El Nifio events is
critical to support the short-to-mid-term planning and man-
agement activities of the sectors such as water resources,
health, fisheries, agriculture, civil defense, public utilities,
and coastal zone management in the USAPIs. In conclu-
sion, an improved scientific perspective on the different El
Nifio flavors (e.g., CPE, ME, and EPE) and their impacts on
island-specific rainfall and sea-level anomalies are essential
for hazard preparedness actions in the face of the increasing
risk of El Nifio.
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