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ABSTRACT: Hawaii ’s recent drought is among the most severe on record. Wet-season (November–April) rainfall de � cits
during 2010–19 rank second lowest among consecutive 10-yr periods since 1900. Various lines of empirical and model evi-
dence indicate a principal natural atmospheric cause for the low rainfall, mostly unrelated to either internal oceanic vari-
ability or external forcing. Empirical analysis reveals that traditional factors have favored wetness rather than drought in
recent decades, including a cold phase of the Paci� c decadal oscillation in sea surface temperatures (SSTs) and a weakened
Aleutian low in atmospheric circulation. But correlations of Hawaiian rainfall with patterns of Paci � c sea level pressure
and SSTs that explained a majority of its variability during the twentieth century collapsed in the twenty- � rst century.
Atmospheric model simulations indicate a forced decadal signal (2010–19 vs 1981–2000) of Aleutian low weakening, con-
sistent with recent observed North Paci� c circulation. However, model ensemble means do not generate reduced Hawaiian
rainfall, indicating that neither oceanic boundary forcing nor a weakened Aleutian low caused recent low Hawaiian rain-
fall. Additional atmospheric model experiments explored the role of anthropogenic forcing. These reveal a strong sensitiv-
ity of Hawaiian rainfall to details of long-term SST change patterns. Under an assumption that anthropogenic forcing
drives zonally uniform SST warming, Hawaiian rainfall declines, with a range of 3%–9% among three models. Under an
assumption that anthropogenic forcing also increases the equatorial Paci� c zonal SST gradient, Hawaiian rainfall increases
2%–6%. Large spread among ensemble members indicates that no forced signals are detectable.
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1. Introduction

There has been a well-documented decline in Hawaiian
rainfall during the wet season of November through April
over the past 10–20 years. A number of factors have contrib-
uted to the observed decline, including changes in the fraction
of heavier rainfall quantiles ( Chu et al. 2010; Timm et al.
2011; Norton et al. 2011), in teleconnections between Hawai-
ian rainfall and large-scale climate modes, such as El
Niño–Southern Oscillation (ENSO) and the Paci� c decadal
oscillation (PDO), and in regional-scale Hadley cell subsi-
dence (Chu 1995; Chu et al. 2010; Diaz and Giambelluca
2012; Longman et al. 2015; Frazier and Giambelluca 2017;
Frazier et al. 2018; Timm et al. 2021), as well in a longer-term
context related to secular changes in North Paci� c sea level
pressure (Diaz et al. 2016).

While the earlier studies indicated a signi� cant relationship
in the historical period between Hawaiian rainfall variability
and ENSO at different time scales (Chu 1989; Chu and Chen
2005; Timm et al. 2011; Diaz and Giambelluca 2012), the
strength of that association has waned over recent decades
(Diaz and Giambelluca 2012; Timm et al. 2021; O’Connor
et al. 2015). In addition, atmospheric circulation features over

the North Paci� c, often associated with ENSO variability,
such as the Paci� c–North American pattern (PNA) and the
North Paci� c Oscillation (NPO) have also shown recent
changes in their association with Hawaiian rainfall (Frazier
et al. 2018; Timm et al. 2021).

For much of Hawaii, the contribution of the heavier rainfall
quantiles to the seasonal total is particularly high, with the
upper quintile of daily precipitation contributing 40% –50% in
some cases to the seasonal totals (Timm and Diaz 2009; Chu
et al. 2010; Timm et al. 2011). Timm et al. (2021) illustrate
how a recent decline in Kona lows producing heavy rain for
Hawaii has contributed to the observed decline in wet season
rainfall for the state.

Two Hawaiian region rainfall time series are shown in
Fig. 1 to illustrate the character of the recent drought and
place it into a modern historical context. Figure 1a is based on
the gridded precipitation dataset from the Global Precipita-
tion Climatology Center (GPCC; see section 2). The one in
Fig. 1b was � rst documented by Frazier et al. (2016) and
Frazier and Giambelluca (2017)and extends from the 1920/21
November–April season through the 2018/19 season. Both
time series indicate little reprieve from the succession of dry
years that began near the end of the twentieth century.
Indeed, the � rst two decades of the new millennium are drier
that any 20-yr period since the beginning of the instrumental
record circa 1900, and the period of persistent low rainfall
during 2010–19 ranks among the driest decade in the instru-
mental record.

Given the strong in� uence of climate drivers such as North
Paci� c sea level pressure (SLP), ENSO, and the PDO on the
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variability of Hawaiian rainfall, the relative constancy of below
normal rainfall in recent years} while each of these indicators
have varied considerably in the twenty-� rst century} is per-
haps unexpected. In their detailed analysis of Hawaiian rain-
fall variability during 1920 –2012 that included a focus on the
long-term drying trend, Frazier et al. (2018) surmised that
some recovery in Hawaiian rainfall was to be anticipated in
response to the usual cycles of climate variability attending
ENSO and PDO, and their related atmospheric structures of
variability. This has yet to occur. Based on data studied
through 2010 byDiaz and Giambelluca (2012), some of these
modes had apparently lost their ef� cacy in driving Hawaiian
rainfall in the twenty- � rst century. Indeed, they speculated
on a possible change in the PDO–Hawaiian rainfall linkage,
although the record was deemed too short to establish the
signi� cance of a change in what had hitherto been a strong
historical correlation.

Here we update the period of analysis through 2020 to
demonstrate that several key predictors for Hawaiian winter-
time precipitation variability that have been identi � ed in prior
empirical analyses (e.g.,Chu 1989; Diaz and Giambelluca
2012; Frazier et al. 2018; Timm et al. 2021) have largely failed
to constrain island rainfall in the � rst two decades of the
twenty-� rst century. This is in stark contrast to their strong
linkages throughout most of the twentieth century and thus
creates signi� cant challenges for providing a physical explana-
tion of the ongoing drought via reference to well-known
modes of climate variability.

Our diagnosis of the Hawaiian drought then turns to assess-
ing various possibilities for its nature and causes based on
analysis of climate model experiments. For this purpose, we
utilize atmospheric models performed in so-called AMIP

(Atmospheric Model Intercomparison Project) mode ( Gates
et al. 1998) in which the historical variability of global sea sur-
face temperatures and sea ice concentrations is speci� ed. We
conduct large ensembles of experiments to test whether the
drought can be reconciled with the effects of boundary forcing
in recent decades (i.e., a forced signal) versus whether its
occurrence is best characterized as arising from purely uncon-
strained atmospheric variability (i.e., internal noise). This line
of inquiry } using controlled model experiments} assesses
whether Hawaii ’s protracted drought is indeed well described
as a surprise event, as one might infer from the waning corre-
lations on Hawaiian rainfall with the various aforementioned
climate indicators. Such diagnostic methods have been exten-
sively applied in prior studies on the nature and causes of
regional droughts including oceanic origins for the North
American Dust Bowl (e.g., Schubert et al. 2004; Seager et al.
2005), the U.S. Great Plains drought of 2012 (e.g.,Hoerling
et al. 2012), and the multiyear California drought of 2011–14
(Seager et al. 2015), to mention but a few. They have also
been employed to assess the regional predictability of drought
on seasonal to decadal time scales (Schubert et al. 2007).
Here we use such methods to� rst diagnose whether decadal
changes in oceanic forcing during recent decades as compared
with those operating during the late twentieth century may
account for development of the sustained regime of low
Hawaiian rainfall.

A second line of diagnosis conducted herein} also using
AMIP methods } will probe speci� cally whether longer-term
trends in boundary forcings since the early twentieth century
have materially affected the probability of low wintertime
Hawaiian rainfall. Atmospheric model approaches have been
previously used to explore analogous questions on how cen-
tennial-scale oceanic warming has affected risks for regional
droughts (e.g.,Hoerling and Kumar 2002, 2003; Hoerling et al.
2006; Schubert et al. 2007; Hoerling et al. 2010, 2012; Seager
and Hoerling 2014). A strength of applying atmospheric
modeling approaches to this problem is that the experiments
are constrained by observed estimates of long-term sea sur-
face temperatures (SST) warming patterns. The magnitude
and structure of these observed changes can depart signi� -
cantly from those simulated in historical coupled ocean–
atmospheric models used in the Coupled Model Inter-
comparison Project (CMIP), yielding signi � cant biases in
regional climate change simulations that can adversely
affect attribution of anthropogenic causes (e.g.,Compo and
Sardeshmukh 2009; Hoerling et al. 2012).

A challenge in interpreting AMIP approaches to diagnos-
ing long-term change is that the attribution to human causes
is uncertain barring a detection and attribution for the
observed SST change itself. Here we will use two different
estimates of observed long-term changes in SSTs to drive our
model experiments, each of which has a line of evidence tying
that boundary forcing to anthropogenic change as discussed
further in section 2. Our purpose thereby is to probe how a
diagnosis for recent low Hawaiian rainfall tied to anthropo-
genic forcing is robust to plausible but different observationally
constrained assumptions of anthropogenic forcing.Section 2
presents datasets and methods including a detailed description

FIG. 1. Indices of observed November–April Hawaiian rainfall
anomalies for (a) 1900–2020 (GPCC) and (b) 1920–2019 (University
of Hawai ‘i). Anomalies are standardized on the basis of each data-
set’s available twentieth-century variability. Black curves are the
smoothed time series based on a 9-point Gaussian� lter. Raw inter-
annual values of the two indices correlate at 0.96.
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