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Distinguishing Variability Regimes of Hawaiian Summer
Rainfall: Quasi-Biennial and Interdecadal Oscillations

Xiao Luo' (2, Bin Wang' (2, Abby G. Frazier® (), and Thomas W. Giambelluca®

'Department of Atmospheric Sciences and International Pacific Research Center, School of Ocean Earth Science and
Technology, University of Hawai'i at Manoa, Honolulu, HI, USA, 2East-West Center, Honolulu, HI, USA, *Water
Resources Research Center, University of Hawai'i at Manoa, Honolulu, HI, USA

Abstract summer precipitation in Hawai'i accounts for 40% of the annual total and provides important
water sources. However, our knowledge about its variability remains limited. Here we show

that statewide Hawai'i summer rainfall (HSR) variability exhibits two distinct regimes: quasi-biennial
(QB, ~2 years) and interdecadal (~30-40 years). The QB variation is linked to alternating occurrences of the
Western North Pacific (WNP) cyclone and anticyclone in successive years, which is modulated by the
intrinsic El Nifio-Southern Oscillation biennial variability and involves a positive feedback

between atmospheric Rossby waves and underlying sea surface temperature (SST) anomalies. The
interdecadal variation of HSR is largely modulated by the Pacific Decadal Oscillation through affecting
upstream low-level humidity that affects topographic rainfall. HSR shows weak long-term drying

trend during 1920-2019. This first description of the major physical drivers of summer rainfall variability
provides key information for seasonal rainfall prediction in Hawai'i.

Plain Language Summary Summer, dry season, precipitation in Hawai'i accounts for 40% of its
annual total and provides an important water source for the State of Hawai'i. However, there is a lack of
knowledge about how and why summer rainfall varies. Here, we explore the variability in Hawaiian
summer rainfall and the associated mechanisms that drive rainfall variations. We show that the statewide
Hawai'i summer rainfall index has two notable periods: quasi-biennial (QB, ~2 years) and interdecadal
(~30-40 years). QB rainfall variability is linked the El Nifio-Southern Oscillation biennial variability. The
interdecadal variability is linked to sea surface temperature variations associated with the Pacific

Decadal Oscillation. The long-term trend in summer rainfall shows a weak drying during 1920-2019. This
study systematically identifies the major factors driving summer rainfall variability for the first time.

Our results provide clues to help predict Hawai'i summer rainfall.

1. Introduction

Surrounded by the subtropical Pacific Ocean and immersed in persistent trade winds, the Hawaiian Islands
(between 19.5° to 22.5°N and 154° to 160°W) experience distinct seasonality in rainfall: a wet winter from
November to April and a dry summer from May to October. In the past four decades, knowledge about
Hawaiian wet season rainfall variability has advanced, and its variability has been linked with the
El Nifio-Southern Oscillation (ENSO) with dry (wet) condition in El Nifio (La Nifia) events (Cayan &
Peterson, 1989; Chu, 1989, 1995; Frazier et al., 2018; Horel & Wallace, 1981; Lyons, 1982; Meisner, 1976;
Ropelewski & Halpert, 1987; Taylor, 1984), the Pacific Decadal Oscillation (PDO) (Chu & Chen, 2005;
Mantua et al.,, 1997), and the Pacific North American (PNA) pattern (Chu & Chen, 2005; Diaz &
Giambelluca, 2012; Elison Timm et al., 2011; Frazier et al., 2018). The majority of these studies have focused
on winter rainfall variability primarily as driven by the mature phase of ENSO. A drying trend in La Nifia
winter rainfall has been identified since 1983 (O'Connor et al., 2015). However, climatologically, summer
precipitation in the State of Hawai'i accounts for 40% of total annual rainfall and, hence, is also an important
water resource (Giambelluca et al., 2013). Yet rainfall variability during summer remains largely
understudied.

During summer, an expanded and intensified subtropical high dominates the subtropical North Pacific
region and gives Hawai'i strong and steady northeast trade winds. Trade winds are present 85%-95% of
the time during the summer, substantially more frequently than in winter (50%-80%) (Sanderson, 1993).

LUO ET AL.

1 0of 10

85Us01 7 SUOWILLOD BAIERID 3]qeotjdde ay) Ag peusenob afe Sapie VO ‘8sn JO S8|ni Joj AReIq1 8uljuQ AB]IM UO (SUOTHPUOD-PUE-SWLBIALID™A8 |1 ARe g1 pUT|UD//:SANL) SUOTIPUOD PUe SWIS | 8U1 89S *[2202/2T/60] Uo AiqiTauliuo A8 AiseAlN 1eid Aq 092160 190202/620T 0T/I0p/wod Aa|im Azl ijputuosgndnfey/sdny wouy pepeojumod ‘€z ‘0202 ‘2008r6T


https://orcid.org/0000-0001-7800-6419
https://orcid.org/0000-0002-5726-108X
https://orcid.org/0000-0003-4076-4577
https://orcid.org/0000-0002-6798-3780
https://doi.org/10.1029/2020GL091260
https://doi.org/10.1029/2020GL091260
http://dx.doi.org/10.1029/2020GL091260
http://dx.doi.org/10.1029/2020GL091260
http://dx.doi.org/10.1029/2020GL091260
mailto:luoxiao.rf@gmail.com
https://doi.org/10.1029/2020GL091260
https://doi.org/10.1029/2020GL091260
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020GL091260&domain=pdf&date_stamp=2020-12-01

o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL091260

Unlike the winter season, Hawai'i experiences very few mid-latitude rain-producing synoptic disturbances
in summer. Tropical cyclones from the tropical eastern Pacific occasionally bring intense rainfall when they
reach the Hawai'i area (Nugent et al., 2020). While the summer climate features steadier trade winds and
fewer mid-latitude disturbances, total rainfall varies notably from year to year, with a standard deviation
of about 25% of its seasonal mean. This variability is more than double that of Indian summer monsoon rain-
fall variability where the standard deviation is only about 10% of the summer mean (Webster et al., 1998). It
is of great interest to ask what are the major drivers of such considerable year-to-year variability. A recent
statistical analysis provides some indication that summer rainfall is significantly correlated with ENSO
and PDO (Frazier et al., 2018), while the underlying physical process remains unknown. Additionally, sea-
sonal prediction of Hawaiian summer rainfall, although considered important for both policy makers and
citizens, has not been explored so far. A thorough understanding of the sources of summer rainfall variability
provides a basis for accurate seasonal predictions and long-term projections.

Drought in Hawai'i can have serious societal and economic impacts, including impacts on agriculture and
increasing risk of wildfires (Frazier et al., 2019). Evidence has shown that rainfall in Hawai'i has been
decreasing (Chu & Chen, 2005; Diaz & Giambelluca, 2012; Frazier & Giambelluca, 2017; Longman
et al., 2015). For example, Frazier and Giambelluca (2017) found that over 90% of the state experienced dry-
ing trends from 1920 to 2012, which were most severe in the summer dry season.

This study aims to understand the physical processes and mechanisms that drive Hawaiian summer rainfall
variability on different time scales, determine whether summer rainfall has continued to experience a
long-term trend, and identify the possible cause of any trend if found.

2. Methods
2.1. Observational Data

High-resolution (250 m) gridded monthly rainfall data from 1920 to 2012 (Frazier et al., 2016) are used in this
study. The grids were created using ordinary kriging based on data from over 1,200 rain gauges across the
state. To detect the long-term trends up to date (2019), we selected ten representative stations (Table S1 in
the supporting information). Each of the stations represented the variability of the rainfall averaged over
the corresponding individual islands well (Text S1 and Table S1).

The SST data used are made by averaging two monthly mean SST data sets from 1871-2013: the Hadley Center
Sea Ice and SST dataset version 1 (HadISST1) (Rayner et al., 2003) (https://www.metoffice.gov.uk/hadobs/
hadisst) and Extended Reconstructed Sea Surface Temperature (ERSST) V5 global SST monthly dataset
(Huang et al., 2017) (https://www.ncdc.noaa.gov/data-access/marineocean-data/extended-reconstructed-
sea-surface-temperature-ersst-v5). In order to analyze long-term anomalous atmospheric circulation, the
atmospheric circulation data are derived by merging the ERA-20C reanalysis (Poli et al., 2016) (1901-1957),
the ERA-40 (Uppala et al., 2005) reanalysis (1958-2001), and the ERAS5 (Hersbach et al., 2020) reanalysis
(2002-2018), with a spatial resolution of 1° x 1° (Text S1). The data merging method is the same as in Wang
et al. (2019) and is introduced in Text S1.

Monthly PDO index from NOAA National Centers for Environmental Information (https://www.ncdc.noaa.
gov/teleconnections/pdo/) based on ERSST V5 is used in this study. Positive PDO index corresponds to
anomalously cool SSTs in the interior North Pacific and warm SSTs along the Pacific Coast and vice versa.

2.2. Time Filtering Technique

Symmetrical sets of weights generated by Lanczos filtering (Duchon, 1979) are used to separate the monthly
circulation data into QB component (<3 years) and interdecadal component (>7 years). A set of 9 (15)
weights is used for the QB (the interdecadal) band, and the response functions have a half-power point at
3 (7) years. Meanwhile for the monthly data, to separate QB component from the monthly data, a set of
109 weights is used, with half-power points of the response functions located at 16 and 36 months.

3. Two Regimes of the Year-to-Year Variability of the HSR

We define a statewide Hawai'i summer rainfall (HSR) index by obtaining the areal average rainfall over the
main Hawaiian Islands during May-October (“MJJASO” hereafter) for each year (Figure 1a). The index is
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Figure 1. The time series and spectrum of statewide Hawai'i summer rainfall (HSR) anomalies from 1920 to 2012.
(a) The time series of HSR (color bar) and its interdecadal component (>7-year period component, black solid line).
The black dashed line indicates the linear trend in HSR during 1920-2012. (b) The power spectrum of HSR, the blue (red)
dashed line indicates the 95% (90%) confidence bounds. (c) The quasi-biennial component of the normalized HSR

and the quasi-biennial component of Oceanic Nifio Index (ONI) from December to the next February. The two indices
are correlated at 0.41 during 1920-2012.

based on a high-resolution (250 m) gridded monthly rainfall data during 1920-2012 (see section 2). Empirical
Orthogonal Function (EOF) analysis of summer mean rainfall over the State of Hawai'i indicates that the
leading principal component exhibits a uniform spatial distribution of rainfall anomaly (figure not
shown), which accounts for 58.3% of the total year-to-year variance. Note that the corresponding principal
component time series resembles the normalized HSR index with a correlation coefficient of 0.9. Thus, the
HSR index can faithfully represent the statewide uniform summer rainfall variation.

The summer mean rainfall rate is about 118 mm per month, with a standard deviation of 29.3 mm per
month. Figure 1a shows notable interdecadal variations in the HSR index, with two wetter epochs from
the late 1920s to the early 1940s and from the 1980s to the late 1990s, and three dry epochs from the mid-
1940s to the mid-1950s, the 1970s, and from mid-1990s to the early 2010s. Although the last dry epoch per-
sists for nearly two decades, which seems leading to a decreasing trend, the linear trend in HSR for the entire
period (1920-2012) is not statistically significant (p = 0.15).

Two distinct power spectral peaks are seen (Figure 1b). One is on the quasi-biennial (QB) time scale around
two years, and the other is a low frequency peak around 32 years. Both of the peaks are significant at the 95%
confidence level, and they are well separated, suggesting the variability is dominated by high frequency
(biennial) and low-frequency (interdecadal) regimes. Another peak is noted around 3-4 years that is margin-
ally significant at the 90% confidence level (Figure 1b). This 3-4 year peak suggests a potential linkage with
developing ENSO events; however, we will not discuss it in this study due to its relatively weak signal.

The significant quasi-biennial oscillation in summer rainfall over Hawai'i has not been reported before and
the physical mechanism has not been addressed, although the quasi-biennial oscillation in rainfall variabil-
ity is a notable feature in many tropical regions, such as Indian summer monsoon, East Asian monsoon,
and Australian monsoon among others (Chang et al., 2000a, 2000b; Lau & Sheu, 1988; Li & Wang, 2005;
Nicholls, 1978; Wang & Li, 2004; Yasunari & Suppiah, 1988). The interdecadal variation of the summer
rainfall shows a close linkage to the summer PDO index. The PDO is often referred to as a winter phenom-
enon because its amplitude is large during the northern hemisphere winter. The periodicities of PDO dur-
ing northern winter have significant ~3.5- and 6-year peaks, and a weaker 35- to 50-year peak significant at
the 90% confidence level (Figure S1b), while the dominant periodicities of PDO during summer are at 6
years and 40-50 years (Figure S1d), which are different from those in the winter, especially in the low fre-
quency regime. Therefore, it is necessary to address how PDO can affect summer rainfall variability
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Figure 2. Seasonal evolution of regressions on the (a-d) QB HSR index and (e-h) QB ONI on the quasi-biennial time
scale. (a—d) Regressions on QB HSR index during 1920-2012 in (a) MIJJA(0), (b) SOND(0), (c) JFMA(0), and (d) MIJA
(1). Regressions in (a)—-(d) correspond to rainfall anomaly of 20 mm/month on QB time scale. (e-h) The same as in (a)-(d)
except that the regressions are based on QB ONI during 1960-2012. Regressed fields are precipitation anomalies over
land (in units of mm/month), SST anomalies over ocean (in units of °C), and 850-hPa wind anomalies (arrows) in units of
m/s. The circulation and SST anomalies are obtained from time-filtered data.
in Hawai'i. In the following two sections we will investigate the origins of the quasi-biennial and
interdecadal variations in HSR.
4. Origin of the Biennial Oscillations in HSR
To understand the physical processes associated with the biennial oscillation, we first examine SST and cir-
culation anomalies associated with the QB component of HSR by using high-pass (<3 years) filtered data. The
anomalies are regressed with reference to the QB component of HSR index in 4-month intervals from
May-June-July-August (MJJAO) to the next MJJA1. Here “0” denotes the reference summer year and “1”
denotes the year after. The 4-month interval is used to better delineate the seasonal evolution of the
circulation anomalies associated with the QB component of the HSR index. In MJJAO, the anomalous
circulation pattern is dominated by an anomalous southwest-northeastward oriented cyclone over the
tropical and subtropical North Pacific (Figure 2a). The Western North Pacific (WNP) cyclonic/anticyclonic
LUO ET AL. 4 of 10
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Figure 3. Same as Figures 2a-2d but for regressed 500-hPa omega (shading, in units of hPas™") on QB HSR index.
Omega has been multiplied by —1, so that positive (negative) value denotes ascending (descending) motion.

anomaly generates notable anomalous vertical motion in the lower troposphere, especially in the
midtroposphere (Figure 3). The upward (downward) motion occurs on the southern (northern) flank of
the WNP anomaly (Figure 3a). This anomalous vertical motion is found to be consistent throughout the
middle-to-lower troposphere (Figures 3a and S2a). The ascending motion in the lower troposphere below
the trade wind inversion favors moisture condensation and topographic rainfall over Hawai'i, and vice
versa. Meanwhile, anomalously warm (cold) SSTs are associated with the southwesterly (northeasterly)
wind anomalies (Figure 2a). The low-level anomalous southwesterly winds over the southern flank of the
WNP cyclone anomaly (Figure 2a) favor strong moisture flux transport from the tropical WNP warm pool
region towards the extratropics (Figure S3a). The anomalous moisture then converges along the
southeastern flank of the WNP cyclonic anomaly, favoring a wet summer during MJJAO in Hawai'i
(Figure S3a).

In contrast, during the next summer, the North Pacific is dominated by an anomalous anticyclone, which is
accompanied by notable descending motion over the southern branch of the WNP anticyclone (Figures 2d,
3d, and S2d), suppressing summer rainfall over Hawai'i. While the preceding anomalous WNP cyclone
(centered near 30°N over the North Pacific) disappears since September and October (SO), so does the moist-
ure convergence belt near 5°-20°N over the North Pacific (Figures 2b and S3b). The alternating occurrence
of WNP cyclonic and anticyclonic anomalies in the successive years is a key process that leads to the QB
component of HSR.

A key question is what causes the reversal of the WNP cyclonic anomaly. The regressed El Nifio pattern
(Figures 2b and 2c) indicates the potential roles of QB component of ENSO in modulating the QB variability
in HSR. The QB component of normalized HSR index and QB component of the Oceanic Nifio Index (ONTI)
during December-January-February (DJF) have a correlation coefficient of 0.41 over the entire 93-year period
(Figure 1c). Considering the reduced degree of freedom, the correlation is significant at the 90% confidence
level. Notably, after 1961, the two indices vary significantly coherently with r = 0.58 (p = 0.06), while they
are insignificantly correlated before 1960 with r = 0.09.

The regression maps with regard to the QB ONI in DJF during 1961-2012 (Figures 2e-2h) show a notable
transition from an El Nifio to a La Nifia event. The development of the WNP anomalous cyclone starts from
the Philippine Sea. The anomalous Philippine Sea cyclone and associated equatorial westerly anomalies over
the western Pacific develop and expand in association with the developing El Nifio bring wet summer to
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Figure 4. Regressions on (a) HSR index and (b) summer mean PDO index on the interdecadal time scale during
1920-2012. Regressed fields are precipitation anomalies over land (in units of mm/month), SST anomalies over

ocean (in units of °C), and 1,000-hPa wind anomalies (arrows) in units of m/s. Regressions in (a) correspond to rainfall
anomaly of 40 mm/month on the interdecadal time scale. Regressions in (b) with regard to ID PDO index have

been amplified by a factor of 4. The summer mean PDO index is averaged during MJJASO. (c) The evolution of the
interdecadal component of HSR (black line, in units of mm/month), interdecadal component of PDO (red line),

SST anomalies (blueline, in units of °C), 925-hPa specific humidity anomalies (purple line, in units of g/kg), and (d) the
evolution of 1,000 hPa zonal wind anomalies (green line in units of ms ™) and 500 hPa omega X —1 anomalies (light blue
line, in units of hPa s_l) on the interdecadal time scale. In (a), R (ID SST, ID PDO) = 0.72 and R (ID SST, ID sq)= 0.92.
The anomalous SST, zonal wind, and specific humidity are averaged over the domain to the east of Hawai'i Island
(18°-21°N, 155°W-150°W). The anomalous omega are averaged over Hawai'i Island (19°-20°N, 156°W-155°W). The black
and red lines in (d) are the same as in (c). The linear trends of all the indices have been removed before extracting the
interdecadal component. The circulation and SST anomalies are obtained from time-filtered data.

Hawai'i (Figure 2e). By the mature phase of El Nifio, an anomalous WNP anticyclone occurs in January (1)
as a baroclinic response to the suppressed convection over the western Pacific associated with an El Nifio
(Figure 2g) (Gill, 1980). This pattern persists into the spring and early summer (Figure 2h) due to the
positive feedback between the anomalous anticyclone and underlying ocean (Wang et al., 2000). The
anomalous anticyclone induces northeasterly anomalies, which enhance ocean cooling, resulting a
negative SST anomaly to the southeast of the anticyclone. On the other hand, the cold SST anomalies
reduce atmospheric convective heating, which generates westward descending Rossby waves that in turn
strengthen the anomalous anticyclone in their westward journey (Figure 2h). While the El Nifio decays
rapidly after its mature phase and by the next summer a La Nifia occurs, the atmosphere-ocean
interaction maintains the WNP anomalous anticyclone and bring deficient rainfall to Hawai'i in the
MIJA(D).

5. Origin of the Interdecadal Variation

To understand the physical source of the low-frequency (32-year) oscillation, the regression and correlation
analyses were performed between the HSR and circulation and SST anomalies based on the interdecadal
component derived by using a band-pass filter for the yearly time series (see section 2).

In the low-frequency regime, associated with excessive rainfall in Hawai'i, the regressed SST anomalies show
a positive PDO-like pattern that persists throughout the six summer months (Figure 4a). The regressed
low-level winds show a cyclonic anomaly over the northeastern Pacific, which couples well with the under-
lying warm SST anomalies underneath. The anomalous southerly winds are associated with the warm ocean
in the northeastern Pacific. The cyclonic anomaly also indicates a weakened subtropical high over the North
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Pacific. The correlation map between low frequency HSR and SST anomalies also exhibits a clear PDO pat-
tern, with the most notable positive correlations, reaching over 0.7 over the Eastern Pacific at 10°-25°N
(Figure S4). The correlation coefficient between unfiltered HSR index and simultaneous unfiltered PDO
index is 0.53 over the period 1920-2012, and the partial correlation coefficient that excludes the potential
role of ENSO is 0.45. The correlation between HSR index and PDO index on the interdecadal time scale is
0.77 (p < 0.001), indicating the robust relationship between summer PDO and the dry season Hawaiian
rainfall.

How does PDO modulate Hawaiian rainfall during summer, a season when ENSO usually has a weak signal?
Regressions with PDO on the interdecadal time scale (Figure 4b) are identical to the regressions with HSR on
the interdecadal time scale (Figure 4a). Based on the knowledge that Hawaiian rainfall is primarily caused by
trade wind-driven orographic lifting, we hypothesize that PDO might affect Hawaiian summer rainfall
through its modulation of large scale circulation, upstream low-level humidity, trade wind speed, and the
trade wind inversion on the interdecadal time scale. We therefore compare the variation in the SST anoma-
lies, the low-level specific humidity, zonal wind anomalies, and in situ vertical velocity, along with the PDO
index evolution from 1920 to 2012 on the interdecadal time scale (Figures 4c and 4d). The local anomalous
SST, zonal wind, and specific humidity are averaged over the domain on the windward side of Hawai'i Island
over (18°-21°N, 155°W-150°W) in order to diagnose the anomalies advected by the trade winds in the
upstream direction that directly encounter the Hawaiian Islands. The anomalous vertical motion is averaged
over (19°-20°N, 156°W-155°W) where Hawai'i Island is located. The SST anomalies in the North Pacific
associated with the PDO signal can modulate low-level air humidity by changing evaporation, as evidenced
by the correlation of 0.92 between the anomalous specific humidity and the SST anomalies over the 93 years
(Figure 4c¢). The strong prevailing climatological mean trade winds then transport the humid air to Hawai'i
and increase the rainfall, as evidenced by the correlation of 0.83 between the anomalous specific humidity
and the HSR on the interdecadal time scale (Figure 4c). The large-scale vertical velocity anomalies in the
middle- and low-troposphere are not clearly aligned with HSR rainfall variations on the interdecadal time
scale (Figure 4d).

Therefore, on the interdecadal time scale, the anomalous tropical Pacific warm SSTs associated with the
positive PDO phase can moisten the upstream low-level air and increase rainfall as the strong climatological
trade winds prevail during summer.

6. Linear Trends in the HSR

From 1920 to 2012, Hawaiian summer rainfall experienced a decreasing linear trend at —2.0 mm/month
(or —1.7%) per decade. Since the high-resolution gridded rainfall data after 2012 have not been released
and based on the fact that the leading EOF shows a uniform spatial distribution for Hawaiian summer rain-
fall anomaly, we utilized 10 representative stations that have data through 2019 as an alternative way to
investigate the long-term trend up to date (Table S1). Orography can influence precipitation (Réchou
et al., 2014), and Hawaiian rainfall is primarily dominated by trade wind-driven orographic lifting precipita-
tion in windward areas. Therefore, 8 out of the 10 representative stations are in windward locations. The
average rainfall of these 10 stations and the statewide mean rainfall have high correlations in both summer
(r=10.95) and winter (r = 0.95). Both the quasi-biennial and interdecadal spectrum power peaks reflected by
original HSR index (Figure 1b) are seen in the power spectrum of the 10-station average rainfall, except that
the peak around 32 years is slightly less significant in the 10-station average than in the spectrum of the ori-
ginal HSR index (Figure 5b). Therefore, 10-station average is sufficiently reliable to be used to investigate the
long-term trend.

Figure 5c shows the summer rainfall anomaly averaged over the 10 representative stations from 1920 to
2019. After the extremely dry period from 1990 to 2012, Hawaiian summer becomes wetter since 2015, with
record-breaking excessive rainfall in the summer of 2018. Thus, the updated 1920-2019 drying trend is quite
weak and statistically insignificant. The decadal change around 2014/2015 is possibly related to the transi-
tion of the PDO phase from a cold to a warm (Figure 5c). During the past 100 years, besides the most recent
transition around 2014/2015, the relatively wet period from 1925 to the early 1940s and from the late 1970s to
early 1990s corresponds well with the positive phase of the PDO, while the dry period from mid-1940s to
mid-1950s and 1970s also matches well with the negative PDO phase.
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Figure 5. Same as in Figure 1 but using the average of the 10 representative stations during (a and b) 1920-2012 and
(c and d) 1920-2019. Black solid line in (a) denotes the interdecadal (>7-year period) of the rainfall index. Black

solid line in (c) denotes the PDO index during MJJASO, in which the mean value has been removed and the amplitude
has been amplified by a factor of 50.

7. Discussion and Conclusions

The Hawai'i summer rainfall index, which was found to be representative of statewide rainfall variability,
has two distinctive spectrum peaks in the quasi-biennial and interdecadal (~32 years) time scales.

The key circulation system that drives the Hawaiian summer quasi-biennial variation is associated with a
flip-flop of the western North Pacific anomalous cyclone and anticyclone in successive years. The
cyclone-induced southwest anomalies generate moisture convergence and ascending motion that favors
abundant rainfall. The turnabout from the cyclone to anticyclone is associated with the intrinsic biennial
component of El Nifio-Southern Oscillation and involves a positive feedback between atmospheric
Rossby waves and the underlying dipolar sea surface temperature anomalies.

The interdecadal variability in summer rainfall in Hawai'i is largely modulated by the interdecadal compo-
nents of summer PDO with r = 0.78 (p < 0.05) from 1920 to 2012. On the interdecadal time scale, the anom-
alously warm tropical Pacific SSTs under the positive PDO phase increase the upstream humidity, resulting
in increased rainfall in Hawai'i. The vertical velocity variation does not play an important role in driving
interdecadal Hawaiian rainfall variability.

With the updated data to 2019 from the 10 representative stations, this study shows the long-term summer
rainfall trend is quite weak during 1920-2019, following above-normal rainfall after 2014. The PDO also
transitions from the cold phase to a warm phase at this time, which possibly gives rise to rainfall phase tran-
sition. The current positive PDO phase provides a background that favors above normal summer rainfall
during the recent decade (Figure 5b).

The consistent results reproduced by using the National Oceanic and Atmospheric Administration (NOAA)
Twentieth Century Reanalysis (V3) (Slivinski et al., 2019) imply that the physical processes we proposed are
robust. The other single ERA 20C data sets, such as ERA 20C and ERA20-CM (Hersbach et al., 2015), can
also produce similar regression patterns, but their regional circulation indices have some biases from those
derived by merged ECMWF and NOAA 20C V3 data sets. Regressed SST signals are also robust because of
high consistency found in the regression fields using each of the single SST data sets.

The QB component of HSR and QB component of ENSO are more significantly correlated after 1960
(r = 0.58), while their relationship during 1920-1960 is rather weak (r = 0.09). However, prior to 1960,
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HSR still exhibits some notable QB variability such as during 1929-1936 and 1953-1959, while the QB ENSO
amplitude during mid-1930s to early 1960s is very weak. Therefore, there may be other factors that caused
the HSR to oscillate on a biennial time scale between 1920 and 1960, which calls for further study.

Notable signals in the lead-lag SST anomalies over the equatorial central and eastern Pacific, and the Indian
Ocean (Figure S5) indicate a potential predictability of QB summer rainfall. The correlation map (Figure S5)
based on the data after 1960 in order to detect robust precursory signals. Meanwhile, in the low-frequency
regime, the PDO-related North Pacific SST anomalies also exhibit close relationships with summer rainfall,
which could be useful precursors for low frequency summer rainfall variations in Hawai'i. Both the persis-
tent Indian Ocean warming signal since early 2020 and the biennial transition of ENSO from an El Nifio
phase to a La Nifia phase favor a dry summer 2020 in Hawai'i. Meanwhile, 2020 features a negative summer
PDO phase as in the past four years, which also favors dry summer conditions in Hawai'i. It would be reason-
able to expect a dry 2020 summer in Hawai'i based on these precursory signals.

Data Availability Statement

Hawaii rainfall data are available online (http://rainfall.geography.hawaii.edu/) (Frazier et al., 2016). All the
SST data set and reanalysis data sets generated in this analysis are available on figshare (https://figshare.
com/s/2b117f0bc1233d811a45).
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