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Abstract
The history of the Polynesian civilization on Rapa Nui (Easter Island) over the Common Era has come to exemplify the 
fragile relationship humans have with their environment. Social dynamics, deforestation, land degradation, and climatic shifts 
have all been proposed as important parts of the settlement history and societal transformations on Rapa Nui. Furthermore, 
climate dynamics of the Southeast Pacific have major global implications. While the wetlands of Rapa Nui contain criti-
cal sedimentological archives for reconstructing past hydrological change on the island, connections between the island’s 
hydroclimate and fundamental aspects of regional climatology are poorly understood. Here we present a hydroclimatology 
of Rapa Nui showing that there is a clear seasonal cycle of precipitation, with wet months receiving almost twice as much 
precipitation as dry months. This seasonal cycle can be explained by the seasonal shifts in the location and strength of the 
climatological south Pacific subtropical anticyclone. For interannual precipitation variability, we find that the occurrence of 
infrequent, large rain events explains 92% of the variance of the observed annual mean precipitation time series. Approxi-
mately one third (33%) of these events are associated with atmospheric rivers, 21% are associated with classic cold-front 
synoptic systems, and the remainder are characterized by cut-off lows and other synoptic-scale storm systems. As a group, 
these large rain events are most strongly controlled by the longitudinal position of the south Pacific subtropical anticyclone. 
The longitudinal location of this anticyclone explains 21% of the variance in the frequency of large rain events, while the 
remaining variance is left unexplained by any other major atmosphere-ocean dynamics. We find that over the observational 
era there appears to be no linear relationship between the number of large rain events and any other major climate phenom-
ena. With the south Pacific subtropical anticyclone projected to strengthen and expand westward under global warming, our 
results imply that Rapa Nui will experience an increase in the number of dry years in the future.
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1 Introduction

The island of Rapa Nui (Easter Island; 27◦6′ S, 109◦21′ 
W) is located in the southeastern Pacific Ocean. It has a 
subtropical climate, experiencing comparatively little tem-
perature variation and prevailing easterly winds (Fig. 1a,b). 

The climate of the southeastern Pacific Ocean more broadly 
is controlled by a persistent high-pressure system or anticy-
clone. Like other subtropical anticyclones, it resides within 
a region of subsidence driven by the Hadley circulation, 
and the anticyclone is fundamentally maintained through 
monsoonal heating of the continent to its east (here, South 
America) (Seager et al. 2003). To the west of this anti-
cyclone can be found the eastern-most limb of the South 
Pacific Convergence Zone (SPCZ), a band of precipitation 
that stretches diagonally from Rapa Nui up towards the equa-
tor north of Papua New Guinea (Fig. 1c). Moist, northeast-
erly trade winds collide with southwesterly Rossby waves 
to produce this band of precipitation (Kiladis et al. 1989; 
Vincent 1994; Van Der Wiel et al. 2016). The diagonal 
Northwest-Southeast orientation of the SPCZ and its rela-
tive strength and variability are largely determined by the 
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strength of the south Pacific anticyclone, which in turn is 
related to variability in ocean circulation, tropical heating, 
and the sea surface temperature distribution across the South 
Pacific (Seager et al. 2003; Van Der Wiel et al. 2016; Fahad 
et al. 2021). The easternmost position of the SPCZ is also set 
by the position of the south Pacific anticyclone, the easterly 
trade winds (Lintner and Neelin 2008), and the atmosphere’s 
response to the presence of the Andes Mountains (Takahashi 
and Battisti 2007). Besides understanding the hydroclimate 
of Rapa Nui for its own sake, these regional dynamics have 
critical connections to global climate, including the Hadley 
circulation and cloud feedbacks over the south Pacific. These 
phenomena are essential to understanding tropical dynam-
ics and the global climate sensitivity to radiative forcing 

(Pierrehumbert 1995; Bony and Dufresne 2005; Cai et al. 
2012; He et al. 2017).

While there is a general understanding of the major 
dynamical features of the southeastern Pacific region, there 
exists no comprehensive characterization of the hydrocli-
matology specifically over Rapa Nui. A daily precipitation 
record from Mataveri International Airport on Rapa Nui 
that begins in 1955 nevertheless provides an opportunity 
to investigate teleconnections and regional climatic con-
trols on precipitation patterns over the island on seasonal 
to interannual timescales. To our knowledge, only a single 
study has taken advantage of this precipitation record to 
evaluate the impacts of atmospheric dynamics (specifically, 
the El Niño-Southern Oscillation (ENSO) phenomenon) on 

a b

c

Fig. 1  Climatic features of Rapa Nui. a Monthly average maximum 
and minimum temperatures on Rapa Nui (Mataveri International Air-
port) from 1970 to 2017 (Centro de Ciencias del Clima y la Resilien-
cia 2019). Light-colored lines are individual years, dark-colored lines 
are the mean of all years. b Wind rose for Rapa Nui, indicating wind 
direction, speed, and frequency, with the radial coordinate in units 

of hours per year. Based on reanalysis wind data from 1979 to 2017 
(Copernicus Climate Change Service 2019). c Average annual pre-
cipitation over the central and south Pacific Ocean from 1979 to 2017 
(Copernicus Climate Change Service 2019). The location of Rapa 
Nui is indicated by a red star
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interannual precipitation variability over Rapa Nui (Genz 
and Hunt 2003).

Understanding the controls on precipitation over various 
timescales is important for both the current and historical 
climate on Rapa Nui. The island has become a major eco-
tourism destination and is undergoing rapid development 
that poses numerous environmental threats (Figueroa and 
Rotarou 2016). Daily flights from Santiago, Chile to Rapa 
Nui brought approximately 69,000 visitors in 2017 (the 
last year of record keeping by the Chilean National Forest 
Corporation), up from approximately 36,000 in 2007 (Cor-
poración Nacional Forestal 2020). As a remote island with 
variable precipitation and increasing freshwater demands, 
understanding the vulnerabilities of the island to changing 
climate is important for sustainable planning. The uncertain-
ties concerning how precipitation patterns will respond to 
future anthropogenic global warming add an additional layer 
of complexity to this problem.

Paleoclimate and paleoecological records from wetland 
and lake sediments along the west coast of South America 
(Moreno et al. 1999; Jenny et al. 2003; Valero-Garcés et al. 
2005; Lamy et al. 2010; Margalef et al. 2013; Kilian and 
Lamy 2012) and the island of Rapa Nui (Azizi and Flenley 
2008; Mann et al. 2008; Sáez et al. 2009; Margalef et al. 
2013) document large changes in the hydroclimate of these 
regions that are not well captured in modern observational 
records. For instance, centennial-scale hydroclimate changes 
have been inferred for the period of human occupation of 
Rapa Nui (beginning circa 1000 CE) (Rull et  al. 2018; 
Cañellas-Boltà et al. 2013) and in the early Holocene (Sáez 
et al. 2009), while even greater amplitude fluctuations have 
been inferred at multi-millennial time scales extending back 
27,000 years (Sáez et al. 2009). These hydroclimate changes 
are presumably tied to changes in atmospheric circulation 
patterns over the southeastern Pacific. Dynamical explana-
tions for these hydroclimate shifts are mostly speculative 
and have included the influence of ENSO (Mann et al. 2008; 
Stenseth and Voje 2009), changes in the trade winds and 
Walker Circulation (Bridgman 1983; McCall 1993), changes 
to the south Pacific anticyclone, changes in the SPCZ, and 
changes in the strength and latitudinal position of the west-
erly storm track (Sáez et al. 2009; Cañellas-Boltà et al. 
2013). These studies are important for their implications for 
regional and global-scale climatological changes and can 
also provide the climate context for historical changes in 
Rapanui culture. This culture flourished on the island dur-
ing the early to mid second millennium CE, and the Rapa 
Nui people implemented numerous strategies to mitigate the 
impacts of drought (Stevenson et al. 2002; Ladefoged et al. 
2013; Brosnan et al. 2019). A better understanding of the 
variability of precipitation on the island therefore promises 
to shed light on the history of the Rapanui people (McCall 

1993; Mann et al. 2008; Mieth and Bork 2010; Rull et al. 
2018).

2  Data

We use daily observational precipitation data collected 
on Rapa Nui (Easter Island) at the Mataveri International 
Airport from 1955 to the present (Centro de Ciencias del 
Clima y la Resiliencia 2019). Our analyses include all of the 
data up to and including 2017; all data for the year 1990 are 
reported as missing.

Output from the ERA5 reanalysis data (Copernicus Cli-
mate Change Service 2019) is used at 1 ◦ resolution. In par-
ticular we use the following daily variables: accumulated 
precipitation, 2 m temperature, 10 m wind speed, mean sea 
level pressure, 500 hPa geopotential height, and integrated 
water vapor transport. ERA5 is available beginning in 1979 
and is analyzed here through the year 2017. While the tim-
ing of rain events is well-captured by ERA5, the amount of 
precipitation on Rapa Nui is systematically underestimated 
by ERA5 relative to the observations. ERA5 underestimates 
monthly precipitation by an average of 22 mm. This under-
estimation was confirmed in the original, non-interpolated 
0.25◦ resolution of the ERA5 data and has been shown to 
exist in ERA5 in other locations (Hu and Franzke 2020). 
This underestimation is due mostly to the underestimation of 
the magnitude of precipitation extremes, a common weather 
and climate model bias (O’Gorman and Schneider 2009). 
We therefore focus our precipitation analysis on the obser-
vational data, except when spatial patterns of precipitation 
are shown.

3  Features and dynamical causes 
of the seasonal cycle of precipitation

Precipitation on Rapa Nui follows a seasonal cycle of com-
paratively wet and dry months, Fig. 2a, with the wettest 
months receiving nearly twice as much precipitation as the 
driest months. In order to objectively classify months of the 
seasonal cycle, we partition the twelve values of monthly 
mean precipitation on the island into three clusters using a 
k-means clustering algorithm. k-means clustering is a data-
partitioning technique that groups data points into k clus-
ters according to the grouping that minimizes the distance 
between within-group data points and the group means; this 
produces clusters of data points that are most similar to each 
other. Based on classical subtropical climate regimes, we 
interpret the three clusters as dry (January, February, Octo-
ber, November, December), transition (March, August, Sep-
tember), and wet (April, May, June, July) seasons, Fig. 2a.



 N. J. Steiger et al.

1 3

Fig. 2  Climatological precipitation. a The average monthly precipita-
tion on Rapa Nui (Easter Island) based on observational data from the 
years 1955–2017. Dashed line indicates the average over all months. 
Precipitation seasons (dry, transition, wet) were determined through a 
cluster analysis (see text). b The average distance of Rapa Nui from 
the south Pacific subtropical anticyclone (pressure centroids) for each 
month (see magenta contours and dots in panel c, along with a further 
explanation). The size of the circles for each month are scaled to the 
maximum pressure value of each anticyclone. c The average monthly 

precipitation anomaly (colors) and the average monthly mean sea 
level pressure (line contours in hPa from 1016–1022 hPa) from ERA5 
reanalysis (Copernicus Climate Change Service 2019) over the years 
1979–2017. Red stars indicate the location of Rapa Nui. Magenta 
dotted lines follow the 1018 hPa contour in the South Pacific and the 
magenta dots show the location of the centroid (area-weighted center 
of mass) of the 1018 hPa-enclosed regions. These indicate the size 
and location of each month’s climatological anticyclone
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Dynamically, the seasonal cycle of precipitation in the 
South Pacific can be explained by seasonal shifts in subtropi-
cal circulation. Austral spring and summer (Sep–Feb) see an 
increase in the strength of the subtropical anticyclone and a 
reduction in storms, while austral fall and winter (Mar–Aug) 
see an increase in the number of storms and a reduction 
in the strength of the subtropical anticyclone (Seager et al. 
2003). For Rapa Nui, we find that the strength of the south 
Pacific anticyclone and the distance of the anticyclone from 
the island best explains the seasonal cycle of precipitation 
(e.g., anticyclone distance better explains the seasonal cycle 
than local sea level pressure). The shape of the seasonal 
cycle of precipitation, Fig. 2a, closely tracks the distance of 
the subtropical anticyclone from Rapa Nui, Fig. 2b. Addi-
tionally, the wet months have weak maximum anticyclone 
pressures while dry months have strong maximum anticy-
clone pressures (indicated by circle sizes in Fig. 2b). We 
interpret Fig. 2b as indicating that when the subtropical 
anticyclone is weakest and farthest away, more storms are 
allowed to pass over Rapa Nui, consistent with the general 
dynamics of the subtropical Southern Hemisphere described 
in Seager et al. (2003). (While the month of December has 
an anticyclone that is anomalously far from Rapa Nui, we 
note that December is in the summer dry season when there 
are in general fewer storms.) This dynamical explanation 
can be illustrated in greater spatial detail in Fig. 2c, which 
shows the average monthly precipitation anomaly and the 
average monthly mean sea level pressure field. Figure 2c 
also illustrates the features of the subtropical anticyclone by 
highlighting the 1018 hPa contour and showing the location 

of the pressure centroid (center of mass of each highlighted 
region, with each grid point also weighted by its grid box 
area), as used in the calculations shown in Fig. 2b.

4  Seasonality of wet and dry years

If the wet season receives nearly twice as much rain as the 
dry season, are wet or dry years largely determined by how 
much rain falls in the wet season? To explore this ques-
tion, we first use k-means clustering to partition the annual 
mean precipitation time series into three group clusters cor-
responding to wet years, intermediate years, and dry years. 
Figure  3a separates out wet years from all other years (inter-
mediate years plus dry years) for each precipitation season: 
dry, transition, and wet. This figure panel shows that wet 
years can have either a wet dry season, a wet wet season, 
or both. Figure 3b similarly contrasts dry years against all 
other years (intermediate years plus wet years) and it shows 
that dry years can be dry in any season. Both panels of Fig. 3 
show that wet or dry years are not determined by the wet sea-
son or any other single season, but are reflective of the com-
bined influence of every season. This is also supported by a 
simple correlation analysis between the annual precipitation 
and each season’s precipitation: the correlation with the dry 
season is 0.70, the correlation with the transition season is 
0.57, and the correlation with the wet season is 0.73 ( n = 62 
for all correlations); correlations are best for the dry and wet 
seasons, but no particular season is anomalously correlated 
with the annual total.

Fig. 3  Seasonality of precipitation for wet and dry years. a Obser-
vational accumulated precipitation for each season (dry, transition, 
wet) over n = 62 years indicated by gray circles, grouped according 
to wet years ( n = 12 ) and all other years ( n = 50 ) and summarized by 
green and gray box plots. Year groupings were determined based on 
a k-means cluster analysis. The two distributions in the dry and wet 

season groupings pass a two-sample K–S test ( � = 0.05 ), while the 
two distributions in the transition season grouping do not. b Same as 
in (a), but with a grouping of dry years alone ( n = 16 ) and all other 
years ( n = 46 ), summarized by brown and gray box plots. For this 
panel all groupings pass a two-sample K–S test ( � = 0.05)
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5  Rain event characterization

We next seek to understand the specific ways in which it 
rains on Rapa Nui. We again use a k-means clustering to 
partition the daily precipitation data into four clusters, but 
in this case use an L1 distance metric (sum of absolute 
differences), instead of the common default L2 distance 
metric (squared Euclidean distance) which we have used 
in our previous analyses. We adopt the L1 metric because 
the daily precipitation data contain many outliers that 
would be heavily weighted by an L2 distance metric. The 
use of four clusters with an L1 distance metric produces a 
cluster comprising no rain and negligible rain event days 
(“Cluster 1” ≤ 1 mm), a cluster of moderate rain event days 
(1 mm < “Cluster 2” ≤ 6 mm), and two clusters of large 
rain event days (6 mm < “Cluster 3” ≤ 20 mm) and (20 
mm < “Cluster 4” ≤ 153 mm), see Fig. 4a,b. We note that 

determining the number of clusters to use is not a fully 
objective choice. In the partitioning we seek the fewest 
possible clusters that retain consistent features within each 
cluster; the use of three clusters was therefore rejected 
because the convention yielded a cluster with the lowest 
centroid value that contained a mix of days with both no 
rain and moderate rain.

Features of the four data clusters, numbered 1 through 
4 according to increasing cluster group values, are shown 
in Fig. 4. Figure 4a illustrates the clustering in three years 
of representative daily data and Fig. 4b uses box plots to 
summarize the values of all the daily data for each cluster. 
Cluster 1 occurs the most frequently with an average of 248 
occurrences each year, while Cluster 4 is the least frequent 
with an average of 15 occurrences each year (Fig. 4c). Each 
cluster has a seasonal cycle in the frequency of occurrences 
(Fig. 4d), though the differences between months are fairly 
small, with a difference of up to about 2-4 occurrences 

Fig. 4  Precipitation cluster analysis. a An example of three years of 
observational daily precipitation, plotted by cluster number. b Box 
plot summaries of all daily precipitation values by cluster number. 
Clustered observational data is over the period of ERA5 overlap, 
1979–2017. Boxes show the 25th, 50th, and 75th percentiles, whisk-
ers extend to the most extreme data points not considered outliers, 
and outliers are indicated by circles. c Distribution of the annual fre-
quency of daily rain events of each cluster type. Box plots show the 

same statistical properties as in (b). The average frequency of each 
cluster is indicated by the boxed numbers (so for example, there are 
an average of n = 15 Cluster 4 events each year). d The seasonal 
cycle of cluster frequency, shown as anomalies with respect to each 
cluster’s annual average frequency [same annual average values as 
boxed numbers in (c)]. e The seasonal cycle of mean precipitation of 
each cluster
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depending on the cluster and the seasons in question. The 
changes in the seasonal occurrence of cluster events is nev-
ertheless much more pronounced for Cluster 4 when the 
contribution to the amount of precipitation is accounted for 
in this cluster (Fig. 4e). Moreover, Fig. 4e indicates that the 
seasonal cycle in precipitation on Rapa Nui is mostly con-
trolled by the seasonal cycle in unusually large rain events 
characterized by Cluster 4.

The four clusters are further characterized in Fig. 5, show-
ing the total annual precipitation and the annual precipita-
tion of each cluster. The Pearson correlation (r) between the 
1–4 cluster time series and total annual precipitation is 0.15, 
0.02, 0.65, and 0.96, respectively. The large and dominant 
correlation between Cluster 4 and total precipitation implies 
an explained variance within a linear regression framework 
of 92% and therefore a time history of total precipitation 
on Rapa Nui that can be almost entirely explained by large, 
infrequent rain events. Wet or dry years could therefore be 
the result of Cluster 4 events that either change in number 
and/or magnitude. We find that the average Cluster 4 event 
has relatively small year-to-year changes in magnitude (a 
standard deviation of 6.7 mm) while the number of Cluster 4 
events each year ranges from 4 to 30. The number of Cluster 
4 events each year has a correlation of 0.91 with total annual 
precipitation. It is therefore the annual frequency of Cluster 
4 events that determines whether the year is wet or dry on 
Rapa Nui.

Average spatial characteristics of each cluster are rep-
resented in Fig. 6 by composites of precipitation and mean 
sea level pressure for each of the clusters. These composites 
indicate that there is no particularly strong feature character-
izing Clusters 1 and 2, while Clusters 3 and 4 are character-
istic of synoptic storm systems. Cluster 4 is amplified rela-
tive to Cluster 3, and the synoptic system is displaced more 
northward with a strong area of high pressure to the south. 

Note that these composites are averages over hundreds to 
thousands of events (see Fig. 6 caption).

If we move beyond the averaged conditions shown in 
Fig. 6, we see that the key Cluster 4 events can actually 
be caused by a wide variety of synoptic phenomena. We 
first look at the correspondence between these events and 
atmospheric rivers, which are known to sometimes cause 
extreme sea level rise on Rapa Nui (Carvajal et al. 2021). 
We use the atmospheric river algorithm tested in Reid et al. 
(2020) to calculate all atmospheric rivers in the Southern 
Hemisphere in ERA5 for the period of our analyses (1979-
2017). Specifically, we calculate the daily integrated water 
vapor transport and then use the following parameter and 
geometric conditions for identifying atmospheric rivers: (1) 
We use an integrated water vapor transport threshold of 250 
kg m −1 s −1 that each atmospheric river must exceed. (2) The 
major axis of the atmospheric river must be greater than 
2000 km. (3) The length-to-width ratio of the atmospheric 
river must be greater than 2. (4) The angle of orientation of 
the atmospheric river must be greater than 10◦ so as to rule 
out zonal structures like the intertropical convergence zone. 
Using the Reid et al. (2020) algorithm with its associated 
criteria, we find that atmospheric rivers are associated with 
33% of Cluster 4 events.

In order to explore the spatial features of these atmos-
pheric rivers, we use a self-organizing map algorithm (as in 
Steiger et al. (2021)) to partition the integrated water vapor 
transport fields into fundamental spatial patterns during 
Cluster 4 atmospheric-river events. Self-organizing maps 
are a neural network-based cluster analysis (Kohonen 1998) 
that has been widely used in the climate sciences to describe 
the continuum of climate patterns within a dataset (e.g., 
Johnson et al. (2008); Horton et al. (2015)). As in k-means 
cluster analysis, one first specifies a preset number of pat-
terns and then the self-organizing map algorithm creates 

Fig. 5  Annual precipitation 
time series. The annual precipi-
tation of each cluster compared 
against the total precipitation for 
the years of overlap with ERA5, 
1979–2017. The year 1990 is 
missing in the observational 
data
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spatial patterns that allow one to visualize a reduced space 
summary of the patterns that are present in a dataset. We 
found that using any more than four integrated water vapor 
patterns created clear pattern redundancy, though our visu-
alization analysis does not depend critically on the choice 
of this number of patterns. The four self-organizing map 
patterns in Fig. 7 show that the underlying atmospheric riv-
ers are oriented in a Northwest-Southeast direction. Com-
posites of 500 hPa geopotential height anomaly fields that 
are associated with each integrated water vapor pattern (as 
determined by the self-organizing map algorithm), show that 
the atmospheric rivers are associated with atmospheric low 
pressure systems, Fig. 7.

According to our calculation above, synoptic systems 
other than atmospheric rivers account for two-thirds of 
Cluster 4 events. As in the atmospheric river analysis, 
we use self-organizing maps to synoptically classify the 

remaining Cluster 4 events, but compute the patterns based 
on 500 hPa geopotential height anomaly fields (anoma-
lies with respect to the seasonal cycle), Fig. 8. As in the 
calculations for Fig. 7, we found that four patterns best 
represented the range of the underlying potential patterns 
without clear pattern redundancy. In Fig. 8 we also com-
posite total precipitation and 2-m temperature fields that 
correspond to each geopotential height pattern. We find 
that these remaining Cluster 4 events can be categorized 
into cold-front systems (pattern 3), cut-off lows (pattern 
4 and potentially also pattern 2), and other general low-
pressure systems (pattern 1 and pattern 2), Fig. 8. Of these, 
the most common is the cold-front pattern 3, which repre-
sents 31% of the self-organizing map patterns in Fig. 8 and 
thus 21% of all Cluster 4 events ( 31 ∗ 0.67 = 20.7 ≈ 21% ). 
Figures 7 and 8 show that no one kind of synoptic system 
predominates the Cluster 4 large rain events.

Fig. 6  Cluster composites. Composites of daily precipitation anoma-
lies and mean sea level pressure anomalies over all cluster events. 
Data are from ERA5 and anomalies are with respect to the seasonal 
cycle. The number of events within each composite is: Cluster 1 = 

9654, Cluster 2 = 2801, Cluster 3 = 1223, Cluster 4 = 567. The loca-
tion of Rapa Nui is given by a red star. For clarity of all panels, the 
positive precipitation anomalies are only shown up to 5 mm but reach 
a maximum of 9.5 mm over Rapa Nui
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6  Dynamical causes of large rain events

Given the clear importance of Cluster 4 events, we explored 
the relationship between these events and a number of phe-
nomena tied to large-scale climate dynamics. Among the 
many phenomena that we tested (see below), we found that 
only measures associated with the eastern south Pacific anti-
cyclone were significantly correlated ( � = 0.05 ) with the 
frequency of Cluster 4 events and annual precipitation. We 
illustrate this climatological anticyclone in Fig. 9a, which 
shows the annual mean 1020 hPa mean sea level pressure 
contours from ERA5 for each year from 1979–2017. (We 
chose the pressure value of 1020 hPa because lower val-
ues were not contained within the eastern south Pacific, 
while higher pressure levels left out some individual years 
because they did not contain average pressure values above 
1020 hPa.) There is considerable year-to-year variability in 
the location and shape of the high-pressure anticyclones. 
Though the longitudinal variation in the anticyclones domi-
nates the measure of the distance from Rapa Nui (Fig. 9a, b), 
we find that their absolute distance away from Rapa Nui best 
explains annual precipitation and Cluster 4 events (Fig. 9c). 
We also tested the correlation of Cluster 4 events with local 
mean sea level pressure and the anticyclone pressure maxi-
mum, but found that the distance away from the anticyclone 
centroid was more highly correlated. Dynamically, we inter-
pret these data as the shifting of the location of the “block-
ing” anticyclone: when the high-pressure anticyclone is on 

average displaced farther westward it blocks storms from 
raining on Rapa Nui; when the anticyclone is on average dis-
placed eastward, more storms are allowed to pass over Rapa 
Nui. The positioning of the anticyclone also appears to be 
the principle factor controlling the “blocking” effect. Unlike 
the seasonal cycle, we found no evidence that the strength 
of the anticyclone contributes to annual precipitation vari-
ability: in a multivariate regression model, adjusted-r2 values 
decreased relative to a regression model that only used the 
longitudinal location variable. This indicates that whatever 
(linear) information is contained in the strength of the anti-
cyclone it is already captured in the metric of the anticyclone 
centroid distance.

As noted above, we did not find statistically significant 
relationships between Cluster 4 events and the following 
phenomena: (1) the SPCZ, including the latitudinal loca-
tion, the eastward extent, and the linear slope of the SPCZ 
(as in Vincent et al. 2011) in the wet season, the dry season, 
and the annual mean; (2) the Southern Annular Mode index 
(Gong and Wang 1999) over the full Southern Hemisphere 
as well as the southern Pacific sector for the dry season, 
the wet season, and the annual mean; (3) the ENSO indices 
(Niño1+2, Niño3, Niño3.4, and Niño4) at monthly, annual, 
wet season, and dry season time scales; (4) the latitudinal 
location of the intertropical convergence zone (Adam et al. 
2016) over the global tropics as well as over Indonesia, the 
west Pacific, the east Pacific, and the full Pacific sectors 
for the dry season, the wet season, and the annual mean; 

Fig. 7  Cluster 4 atmospheric river events. All atmospheric river 
events corresponding to Cluster 4 events are partitioned into four 
fundamental patterns (see text), labeled 1–4, of the integrated water 
vapor transport (IVT) fields. Overlaid on top are composites of the 
500 hPa geopotential height anomaly fields associated with each IVT 
pattern, with positive values shown as dashed contours. Both IVT and 

geopotential height fields are shown as anomalies with respect to the 
seasonal cycle. The frequency of occurrence of each pattern is indi-
cated in the lower left corner of each panel. Note that because each 
IVT pattern is approximately equal to the composite of the individual 
underlying fields, the composite averages result in IVT values that are 
lower than any individual atmospheric river field
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and (5) the Madden-Julian Oscillation using the OMI index 
(Kiladis et al. 2013) at the filtered daily time scale as well 
as at monthly, wet season, and dry season averages. We also 
tested multivariate relationships between Cluster 4 precipita-
tion and these listed phenomena along with the variable of 
the longitudinal location of the eastern south Pacific anticy-
clone (Fig. 9b), but none of the multivariate linear regression 
models had adjusted r2 values greater than an anticyclone-
only linear model. While we found no clear linear relation-
ships between these other phenomena and Cluster 4 rain 
events on Rapa Nui, it may be that a robust relationship 
could emerge with more data beyond the reanalysis era (e.g., 

longer observational records or paleoclimatic data). It is also 
possible that Cluster 4 rain events may be related to other 
dynamical variables not tested here, such as an explicit cal-
culation of the location and strength of the storm track (and 
not just the Southern Annular Mode index as tested here).

7  Discussion and conclusions

We have analyzed key features of the hydroclimate of Rapa 
Nui. There is a clear seasonal cycle of precipitation on the 
island, with the wettest months delivering almost twice as 

Fig. 8  Non-atmospheric river Cluster 4 event characterization. The 
top four panels show the four 500 hPa geopotential height contour 
patterns derived from the self-organizing map calculation (with posi-
tive values shown as dashed contours). Along with each geopotential 
height pattern is a composite of corresponding total precipitation 

fields. The bottom four panels show the same geopotential height pat-
terns but with 2 m temperature composites instead of precipitation. 
The frequency of occurrence of each pattern, within this set of non-
atmospheric river events, is indicated in the lower left corner of each 
panel. All anomalies are with respect to the seasonal cycle
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much precipitation as the driest months (Fig. 2). The sea-
sonal cycle of precipitation is caused by seasonal changes 
in the number of large rain events (Fig. 4d, e). More large 
rain events occur during the months when the south Pacific 
subtropical anticyclone is, on average, weakest and farthest 
away from Rapa Nui (Fig. 2).

Interannual variability in precipitation is almost entirely 
determined by the number of the largest rain events, which 
according to our partitioning of the data occur on average 
about 15 times per year (Figs. 4c, 5). Variability in the num-
ber of these large rain events explains 92% of the variance 
of annual precipitation on Rapa Nui. These large rain events 
are not caused by any one particular kind of synoptic sys-
tem, but occur due to a combination of atmospheric rivers, 

cold-fronts, cut-off lows, and other kinds of low-pressure 
systems, Figs. 7, 8. The frequency of these storm systems is 
partially controlled by the longitudinal location of the south 
Pacific subtropical anticyclone; the average location of the 
anticyclone can, on average, either block storms from hit-
ting Rapa Nui or allow storms to rain on Rapa Nui by being 
displaced eastward. This mechanism is similar to the mecha-
nism that controls the seasonal cycle of precipitation, except 
that we find no additional contribution from the strength 
of the anticyclone, only its longitudinal position appears to 
matter. The explanatory power of the anticyclone is never-
theless limited, given that only 21% of the variance of large 
rain events (Cluster 4 events) can be explained by the longi-
tudinal location of the anticyclone. We find no statistically 

Fig. 9  Pressure dynamics controlling Cluster 4 precipitation events. a 
Annual mean 1020 hPa mean sea level pressure contour level from 
1979–2017. Corresponding colored dots indicate each year’s centroid 
location (center of mass). The location of Rapa Nui is given by a red 
star. b Scatter plot of the longitude of the centroid locations in (a) 

versus the number of Cluster 4 events for each year. Pearson’s corre-
lation r is noted in the lower corner. Dot colors in b match the corre-
sponding lines and dots in (a). c Similar to b, but a scatter plot of the 
distance separating Rapa Nui and the centroids of the anticyclones



 N. J. Steiger et al.

1 3

significant relationship between the interannual variability 
of these large rain events and large-scale climate phenom-
ena such as the SPCZ, the Southern Annular Mode, ENSO, 
the intertropical convergence zone, and the Madden-Julian 
Oscillation. Neither do these phenomena contribute in a sta-
tistically significant way to a multivariate explanation. This 
suggests that the variability of these large rain events may 
be fundamentally stochastic. Longer time-scale information 
such as from the paleoclimatic record may help to uncover 
any additional underlying drivers of the variability of these 
rain events.

Our findings have important implications for anticipating 
future hydroclimate conditions on Rapa Nui. The South-
ern Hemisphere’s subtropical anticyclones are projected to 
strengthen and expand westward under global warming (Li 
et al. 2013; Fahad et al. 2020). Combined with our results, 
this implies that Rapa Nui will experience an increased num-
ber of dry years in the future. Given the increasing freshwa-
ter demands on the small island, due to on-going develop-
ment and growth in tourism, policy makers and resource 
managers should be aware that a tendency toward drier 
conditions likely lies ahead. Sedimentary records from the 
wetlands of Rapa Nui suggest intervals of prolonged drought 
lasting tens to hundreds of years in recent centuries and mil-
lennia (Azizi and Flenley 2008; Mann et al. 2008; Sáez et al. 
2009; Margalef et al. 2013). Because the timescales of sedi-
mentary records are much longer than available instrumental 
records, such paleoclimatic records of drought from Rapa 
Nui could be very valuable for clarifying the timing and 
nature of droughts on Rapa Nui and their dynamical causes. 
This would provide valuable climatic context for both Rapa 
Nui and the broader region of the south Pacific and western 
South America.
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