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ABSTRACT

Drought is a recurrent climate feature of the Pacific Islands and northeast
Australia with meteorological and socioeconomic impacts documented from early
European settlement. In this study, precipitation records for 21 countries and
territories in the Pacific for the period 1951 to 2010 have been examined to identify
trends in drought occurrence, duration and magnitude. The strength of the
relationship between the main climate drivers in the Pacific — El Nifio-Southern
Oscillation (ENSO), Interdecadal Pacific Oscillation (IPO) and Pacific Decadal
Oscillation (PDO) and precipitation has been also examined. Station scale drought
trends are largely positive but the majority are statistically non-significant with the
significant trends mainly in the subtropics. Spatially, trend patterns are largely
heterogeneous. A significant relationship between the oceanic component of ENSO
and precipitation is confirmed for a large part of the Pacific Islands and East
Australia with a strong lagged relationship in the year after the El Nifio onset at
locations southwest of the South Pacific Convergence Zone (SPCZ) and north of the
Intertropical Convergence Zone (ITCZ). Similarly, a strong relationship was found
with IPO and PDO at most locations. Drought was found to be longer and more
severe southwest of the SPCZ and north of the ITCZ during the positive phase of the

IPO and PDO.

1. Introduction
Drought is a recurrent climate feature of the Pacific Islands (Giambelluca et al.
1991; d’Aubert and Nunn 2012) and northeast Australia (Tapper and Hurry 1993;

Anderson 2014) with meteorological and socio-economic impacts documented from
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early European settlement. Paleoclimate research also points to periods of low
rainfall over the last millennium with some events of greater magnitude and duration
than those observed in the last century (Nunn 2007; Vance et al. 2014). While
drought affects agriculture productivity on all of the Pacific Islands, it is a particular
problem on atolls because they have a fragile freshwater resource base which can
be quickly depleted when precipitation drops (Barnett and Campbell 2010). Drought
also affects the high islands and often causes serious losses in agricultural
productivity (Barnett 2011), decreased electricity production (Sawlani 2015), disease
(Singh et al. 2001) and nutritional deficiencies (World-Bank 2000).

Recent severe and prolonged droughts have highlighted the Pacific Islands' and
Australia’s vulnerability to prolonged periods of suppressed precipitation and their
persistence and intensity have alerted the general public and governments to the
many socio-economic problems accompanying water storage and the need for
drought mitigation measures. In mid-2011, the South Pacific nation of Tuvalu
(population about 10,500) experienced a major water availability crisis. A drought
that began in March 2009 on Funafuti atoll became the worst (both duration and
magnitude) in almost a century (Kuleshov et al. 2014). A state of emergency was
declared in late September 2011 due to severe water shortages resulting in
households on the islands of Funafuti and Nukulaelae rationed to about 40L of fresh-
water a day. To exacerbate the situation Tuvaluans paid higher costs for imported
food as local agricultural crops failed (Manhire 2011). The rainfall deficit caused
contamination of the remaining ground water supplies with the Red Cross declaring
the water unsafe for human consumption (Benns 2011).

The drought in Tuvalu was associated with the 2010-12 La Nifa, one of the

strongest on record (Kuleshov et al. 2014), comparable in strength to the La Nifia
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events of 1917-18, 1955-56 and 1975-76. The Southern Oscillation Index (SOI)
values in October and December 2010, and February and March 2011, were the
highest for each month since records began (Australian Bureau of Meteorology
2012).

El Nifio-Southern Oscillation (ENSO) is the largest source of climate variability in
the Pacific on interannual time scales (McPhaden et al. 2006; Australian Bureau of
Meteorology and CSIRO 2011). Its opposite phases, El Nifio and La Nifia are
accompanied by major changes in tropical sea surface temperatures (SST) and
atmospheric pressure, thereby producing shifts and changes in wind patterns,
convection (Folland et al. 2002; Chu and Chen 2005; Murphy et al. 2014; Salinger et
al. 2014) and air temperatures (Power et al. 1998). There are also climate
teleconnections beyond the Pacific region, for example, suppressed convection over
southern Africa and northern South America, and excess convection in southeastern
South America, eastern equatorial Africa, and the southern US (Ropelewski and
Halpert, 1989; Allan et al. 1996).

Global-scale studies on trends in drought to date e.g. Spinoni et al. (2014)
present little information on the Pacific as the islands have little visibility at a global
scale and Pacific data in global datasets are limited. Australia-Pacific studies on a
regional scale are non-existent with most work at national or subnational scales e.g.
Hennessy et al. (2008) and Gallant et al. (2013). Results vary depending on the
drought indicator and the time-scale of drought considered. There is however, broad
usage of the WMO/CLIVAR annual Consecutive Dry Days (CDD) index in extreme
precipitation studies across Australia and the Pacific. The CDD index is the
maximum number of consecutive days in a calendar with precipitation <1 mm. As

this typically occurs in the dry season, the index provides limited information on
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precipitation deficiency in the wetter months of the year when deficiencies are
typically of greater importance. Nevertheless, these results are presented in the
absence of an alternative.

For the 1950 to 2014 period, negative CDD trends exist across northern Australia
with positive trends through the southern half of Queensland (QLD). Trends are
smaller and mixed in New South Wales (NSW) and Victoria (Australian Bureau of
Meteorology 2015). Similar patterns are presented in the Climate Change 2013
Working Group | report for the 1950-2010 period (IPCC 2013) and in Spinoni et al.
(2014) using the 12-month Standardised Precipitation Index (SPI). The SPl is a
normalized index representing the probability of occurrence of an observed
precipitation amount when compared with the rainfall climatology at a certain
geographical location. Negative SPI values represent precipitation deficit, whereas
positive SPI values indicate precipitation surplus (McKee et al. 1993, 1995). CDD
trends are largely positive and statistically significant for the Hawaiian Islands
between 1950 and 2007 on all major islands (Chu et al. 2010). For the western
Pacific, sub-regional CDD trends over 1951-2011 are non-significant with only two
stations showing significant trends in the Federated States of Micronesia (FSM) and
French Polynesia (McGree et al. 2014).

There is perception amongst Pacific Island residents that the frequency and
magnitude of drought has increased, particularly in the last couple of decades
(Australian Bureau of Meteorology and CSIRO 2011). This would be of significant
concern as agriculture and water storages on most Pacific Islands are particularly
sensitive to drought.

Considering the dearth of information on historical trends in drought and the

importance of this subject, the objectives of this study are (i) to determine if there has
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been a statistically significant change in droughts occurrence, duration and
magnitude, and (ii) examine the strength of the relationship between the main
climate drivers and Pacific and northeast Australia precipitation on regional/sub-
regional scales.

Our study region covers the Pacific from 127°E to 130°W and 23°N to 32°S,
excluding Indonesia and most of western and southern Australia. The paper is
organised as follows. Section 2 provides a description of the data used and outlines
the research methods. Section 3 presents the results of our research into drought
trends and variability in the western Pacific and northeast Australia. The discussion

of the results presented in Section 4 and conclusions in Section 5.

2. Data and Indices

a. Precipitation

Data for Australia (36 station records) were obtained from the Bureau of
Meteorology Climate Change and Variability pages

http://www.bom.gov.au/climate/change/index.shtml#tabs=Tracker&tracker=site-

networks and are part of the Lavery et al. (1997) high quality dataset. Data for the
Hawaiian Islands (24 station records) were obtained from NOAA Climate Data

Online http://www.ncdc.noaa.qgov/cdo-web/search#t=secondTabLink with station

selection largely based on the work of Chen and Chu (2014) and Kruk et al. (2015).
The Australian and Hawaiian stations are subsets of much larger precipitation
observation networks. While additional Australian and Hawaiian stations could have
been included, the authors chose not to overwhelm the limited records from the

remaining Pacific Islands. The latter is comprised of 53 station records for the
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Australian islands in the Pacific, Cook Islands, FSM, Fiji, French Polynesia, Kiribati,
Republic of the Marshall Islands (RMI), Nauru, New Caledonia, New Zealand, Niue,
Palau, Papua New Guinea, Pitcairn Islands, Samoa, Solomon Islands, Tonga,
Tuvalu and Vanuatu. Details on the quality control and homogenisation of these data
are provided by McGree et al. (2014). Additional data were obtained for Fiji, French
Polynesia, New Caledonia, Commonwealth of the Northern Mariana Islands (CNMI)
and Tuvalu to fill gaps in the historical record. The Pacific Islands data has been

obtained from the respective national meteorological services.

Data for the period 1951 to 2010 are used in this study. While longer time-series
are available, the selected period provides the best temporal and spatial
representation. Data quality requirements include no more than 10% missing data
overall and no more than 5% missing data in the first and last decades. Overall, 113
station records are used in this study. The station names are presented in Appendix

1 and locations in Fig.1.

b. ENSO Index

Monthly NINO3.4 SST anomalies are used as a representative indicator of
ENSO behaviour, in line with findings of Barnston et al. (1997). We have used the
monthly ERSSTv4 dataset with a base period of 1981-2010. Data were obtained

from http://www.cpc.ncep.noaa.gov/data/indices/ersst4.nino.mth.81-10.ascii

c. IPO Index

The Tripole Index (TPI) for the Interdecadal Pacific Oscillation (IPO) (Henley et

al. 2015) is used as the primary method for characterising North Pacific and South
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Pacific low frequency variability. We use the monthly HadlISST2.1 unfiltered,
composite of 10 realisations version of the TPI with data from 1870 to 2010

(http://lwww.esrl.noaa.qov/psd/data/timeseries/IPOTPI/). The TPl is based on the

difference between the SST Anomaly (SSTA) averaged over the central equatorial
Pacific and the average of the SSTA in the Northwest and Southwest Pacific. The
regions used to calculate the index are: Region 1: 25°N—-45°N, 140°E-145°W;
Region 2: 10°S—10°N, 170°E-90°W; Region 3: 50°S-15°S, 150°E-160°W. The base
period is 1971-2000.

Interannual variability of ENSO and the strength of its climate teleconnections are
modulated on decadal timescales (Power et al. 1999). The IPO is described as a
natural ENSO-like pattern of Pacific SST anomalies that operates at decadal and
interdecadal time scales. Changes in the phase of the IPO have been linked to
significant changes in climate regimes across the Pacific. In the IPO negative phase,
La Nifia intensity is more strongly related to rainfall extremes in Australia than during
IPO positive phases (Power et al. 1998; Cai and van Rensch 2012). The IPO also
influences the SPCZ intensity and location (Folland et al. 2002; Salinger et al. 2001,
2014). The IPO and ENSO have fairly similar (but independent) influences on the
SPCZ with the location of the SPCZ convergence maximum shifting southwest
during negative IPO and La Nifia episodes and northeast during positive IPO and El
Nifio episodes (Fig. 2). Positive IPO phases characterised the periods 1924-44 and
1977-1998. These phases were separated by negative IPO phases from 1945-76

and 1999 to present.

d. PDO Index
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The more widely known Pacific Decadal Oscillation (PDO) index of Mantua et al.
(1997) is used as a secondary method for characterising low frequency variability

(http://research.jisao.washington.edu/pdo/PDO.latest). This is the North Pacific

manifestation of a Pacific-wide pattern encompassed by the IPO (Folland et al.
2002). The PDO is defined as the leading principal component of the monthly SSTA
residuals (poleward of 20°N), whereas residuals are understood as the grid-point
anomalies after the global mean monthly SST is removed from every location (Zhang
et al. 1997). Positive values of this index describe anomalously cold SSTAs around
45°N. Positive PDO phase prevailed from 1926 to 1946 and 1977 to 1998 and

negative phases from 1947 to 1976 and over the decade from 1999.

While the TPI and PDO indices cover near-identical sets of years their
relationship with precipitation is expected to be different as the PDO index is based

on north Pacific SSTAs whereas the TPl encompasses both hemispheres.

e. Standardized Precipitation Index

Drought can be defined as meteorological, hydrological, agricultural and socio-
economical. As a result there are numerous drought index parameters in the
literature (Dracup et al. 1980; Wilhite and Glantz 1985; Lloyd-Hughes and Saunders
2002). While a study of drought using evapotranspiration and hydrological data
would have been preferred, limited data availability constrains this study to a
precipitation only analysis of drought. Fortunately, indices based solely on
precipitation data perform well when compared to more complex hydrological indices
(Oladipo 1985).

The SPI ranks in the top positions among drought indicators for robustness and

reliability (Heim 2002; Keyantash and Dracup 2002). The SPI is also recommended
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by the World Meteorological Organization and is likely to be the most frequently used
drought indicator worldwide. The SPI is currently employed in more than 70
countries (WMO 2012).

The SPI is a statistical monthly indicator that compares the cumulated
precipitation during a period of N months with the long-term accumulated rainfall
distribution for the same location and accumulation period. This long-term record is
fitted to a probability distribution e.g. gamma distribution, which is then transformed
into a normal distribution so that the mean SPI for the location and desired period is
zero (Edwards and McKee 1997).

McKee et al. (1993) used the classification system shown in Table 1 to define
drought and wet period intensities. A drought occurs when SPI-N is continuously
negative and reaches an intensity of -1.0 or less. The event ends when the
respective SPI-N becomes positive. The positive sum of the SPI for all the months
within a drought or wet period event is defined as the magnitude. Each event,
therefore, has a duration defined by its beginning and end, and intensity for each
month that the event continues.

The standardization of the SPI also allows the user to compare historical and
current droughts between different climatic and geographic locations when

assessing how rare, or frequent, a given drought event is.

f. Defining drought and wet period events, their frequency, duration and

magnitude

To allow the comparison of the results from this study with those of Spinoni et al.
(2014) we have selected the SPI-12 timescale and 1951 to 2010 study period.

Spinoni et al. (2014) found that a medium term accumulation period is more suitable

10
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to depict the various precipitation regimes than shorter (SPI-3, SPI-6) or longer
periods (SPI-24, SPI-48) which may be too sensitive to extremes or miss relevant
drought events. They also found comparable drought patterns on a spatial basis,

both on global and continental scales using SPI-6, SPI-12 and SPI-24.

Drought frequency (DF), total drought duration (TDD), and total drought
magnitude (TDM) have been calculated for each station for 10 year intervals
between 1951 and 2010. TDD and TDM represent the sum of the durations and
magnitudes of drought events occurred in the considered period and they are
expressed in the number of months for duration and in a dimensionless severity

score for magnitude.

3. Methodology

a. Linear drought trends

Linear drought trends (DF, TDD and TDM) are calculated over the six decades
and the statistical significance of each trend tested using the Student’s T-test with a
confidence level of 95%. While this methodology is limited in that the trends have
been computed using only six points, this method is preferred to the alternative,
which is to calculate trends using the actual SPI values. For example an annual
trend for 1951 to 2010 would involve a regression calculation using the December
SPI-12 values for 1951 to 2010 (December SPI-12 covers the period January to
December). The authors argue that the latter is a trend in standardised precipitation

rather than drought.

11
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b. Drought occurrence differences between individual decades and two 30-year

periods

The Kruskal-Wallis test (Kruskal and Wallis 1952) is a nonparametric alternative
to a one-way analysis of variance (ANOVA) where ANOVA is used to determine if
there are statistically significant differences between the means of two or more
independent (unrelated) groups. The test does not require the data to be normal, but
instead uses the rank instead of the actual data values for the analysis. The Kruskal-
Wallis test is used to determine if the differences in the DF, TDD and TDM medians
of respective six decades are statistically significant. The null hypothesis is: Ho: the

population medians are all equal.

The Mann-Whitney rank-sum test (Mann and Whitney 1947) is used to determine
if there is a difference in the medians between the two 30-year periods (first three
decades and latter three decades). Like the Kruskal-Wallis test, the Mann-Whitney
test uses the ranks of the sample data, instead of their specific values, to detect
statistical significance. The null hypotheses is: Ho: n1 = n2, the median of the first

population (n1) equals the median of the second population (n2) (Lattin et al. 2003).

c. Determining regions with homogeneous precipitation variability

Cluster analysis is widely used in climatology to divide precipitation for a single
large region into homogeneous smaller regions of precipitation variability. Annual
precipitation is scaled to a mean of zero and standard deviation of one. A
hierarchical agglomerative clustering method is used to define clusters of
precipitation stations. Each precipitation station is initially considered a separate

cluster and, at each successive step, clusters are compared and the clusters with the

12
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314

smallest between cluster dissimilarities (a measure of the ‘difference’ between
clusters) merged until the desired numbers of clusters is reached. The average
linkage method with a Euclidean distance measure has been found to be the most
desirable and has been used in the analysis of Australian district precipitation
variability on seasonal time-scales by Drosdowsky (1993). Ward’s method has also
been used to identify the main seasonal precipitation regimes in Australia (Chambers
2001, 2003) and Hawaii (Diaz et al. 2005) but has a tendency to produce clusters of
similar numbers of observations which is undesirable in this study as most of the
precipitation stations are southwest of the SPCZ, therefore likely to be part of the
same cluster. Salinger et al. (1995) applied cluster analysis on annual Pacific
precipitation but the clustering method employed is not described. A dendrogram
delineates the level of association at which stations are grouped. The selection of the
optimum number of clusters is complex, with no single criterion available to make an
objective decision. A subjective choice of 10% of the total number of stations is
suggested by Torok (1996). We have also considered the method of Lattin et al.
(2003), which looks for a relatively wide range of distances over which the number of
clusters in the solution do not change.

To confirm these groupings, Year-0 and Year +1 (lagged) annual precipitation
and NINO3.4 SSTA correlation coefficients are calculated and compared. A
relationship is deemed to exist if the correlation coefficients are significant at the

95% level. Non-significant p-values are > 0.05.

d. Interdecadal variability

To detect low frequency variability, a 13-yr running mean is applied to SPI-12

precipitation at a cluster level to remove interannual fluctuations and those on El
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Nifio timescales. This method has been used previously by Power et al. (1999) to
examine the strength of the relationship between Australian precipitation,
temperature, river flow and crop yield and the IPO and SOI on decadal timescales.

Firstly, an annual time-series of December SPI| values over 1951 to 2010 is
calculated as these are cumulative standardised totals of precipitation for the 11
preceding months including December. Cluster scale annual time-series are then
calculated by averaging the station annual time-series. Regional 13-yr running mean
time-series are produced from the cluster scale annual time-series. TPl and PDO 13-
yr running means are also produced from the monthly TPl and PDO time-series.
Finally correlation coefficients are calculated using the Spearman rank-order
method. A relationship is deemed to exist if the correlation coefficients are significant
at the 95% level.

It is possible the duration and magnitude of droughts differ between positive and
negative phases of the IPO/PDO. If so, greater attention should be placed on
drought during the IPO/PDO phase associated with longer and more intense
droughts. We use the Mann-Whitney test to determine if the differences in median
duration and magnitude occurrence are statistically significant. Drought magnitude at
a station level (for each region) are aggregated over the 1951-1977, 1999-2010 and

1978-1998 periods then compared. This also applies to drought duration.

4, Results

a. Trends in drought DF, TDD and TDM on a station scale
The DF trends over 1951-2010 (Fig. 3a) are generally positive indicating more

frequent drought occurrence in recent decades, but mixed spatially and largely
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363

statistically non-significant at the 95% level (102 of 113 stations). There is some
spatial consistency in parts of the study region for example in the Hawaiian Islands
region where the DF trends are largely positive. Positive DF trends are also by large
present, but smaller in size in the northwest Pacific, equatorial Pacific and in the
south Pacific subtropics.

The results are similar for TDD (Fig. 3b) and TDM (Fig. 3c) in that a majority of
the trends are positive, spatially mixed and largely non-significant. Sub-regionally,
spatial patterns are similar to that of DF with the addition of generally negative trends
in north-central Australia and smaller negative trends in the eastern Australia. Fig.4a
and Fig. 4b show mean TDD and TDM respectively for the selected Hawaiian
stations. On a State-scale the TDD and TDM trends over the six decades are
positive but not significant.

Drought patterns in this study are comparable with those of Spinoni et al.
(2014) for Australia. Both efforts show a decrease in TDD and TDM in the northern
part of the NT and from northwest QLD southeast to NSW and an increase in TDD
and TDM along the eastern Australia coast. Our results indicate largely non-
significant trends for Australia whereas Spinoni et al. (2014) found significant trends
for both TDD and TDM in the northern part of the NT. The differences may be due to

station selection and/or the gridding technique used by Spinoni et al. (2014).

b. Difference in DF, TDD and TDM medians

DF, TDD and TDM medians for 1951-1980 and 1981-2010 are presented in

Table 2 then compared using the Mann-Whitney test. The 1981-2010 DF, TDD and

15
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TDM medians are larger than those for 1951-1980 with the differences highly

significant as shown by the p-values.

The above results show droughts have been more frequent, longer and more
intense since 1981. In order to determine if the trend is linear, the six decade
medians from 1951 are computed then compared using the Kruskal-Wallis test. The
p-values at the bottom of Table 3 point to at least one of the decade medians being
greater than the others with the difference significant at the 95% level. In the case of
TDD and TDM, the 1991-2000 median is greater than all the other decade medians
(as determined by the Mann-Whitney test) with the difference significant at the 95%
level. For DF the 1981-1990, 1991-2000 and 2001-2010 decade, the medians are
larger than that for 1951-1960 and the 1991-2000 median is also greater than the

median for 1971-1980.

To display the occurrence of drought in the 1990s in comparison to the
occurrence of drought in the remaining decades, drought hot spots are calculated
and presented in Fig. 5. These are locations where decade TDM is = 70.3 (the 90t
percentile for the entire region and study period). As expected, TDM for the 1990s
dominate (25 of 69 station markers, next highest decade has 12 markers). Most of

the 1990s hot spot locations experience droughts during EI Nifio events.

¢. Homogeneous regions of precipitation variability and association with ENSO

Cluster analysis has only been applied to the station records for the period
1955-2000 as data gaps prevent the use of the full study period. The cluster analysis
was applied to the study region subdivided into the north Pacific, south Pacific and

northeast Australia. Allowance has been made for clusters that might traverse these

16



388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

geographic regions by including the closest stations in the neighbouring geographic
region in the multivariate analyses.

Eleven coherent precipitation regions were found using cluster analysis -
three in the north Pacific, six in the south Pacific and two in northeast Australia (Fig.
6). From this point forward, we focus on results of the cluster analysis and annual
precipitation correlations with NINO3.4 SSTA.

Region 1 (Hawaii Wet). Cluster analysis divides the Hawaiian Islands into two
regions defined as R1(Hawaii Wet) and R2 (Hawaii Dry), respectively. This division
is based on high (low) annual precipitation associated with the windward (leeward)
sides of the islands.

An examination of the lag-0 relationship between annual precipitation in R1
and NINO3.4 SSTA (Appendix 1) reveals a largely non-significant precipitation
relationship with ENSO, as only the correlation coefficient between NINO3.4 SSTA
and annual precipitation at Paauilo 221 is statistically significant. When annual
precipitation is lagged by a year, there is an inclination towards negative and
stronger relationships, however, the p values remain largely non-significant. This
relationship is also reflected in the SPI-12 drought record for Hawaii Wet, where at
least 50% of the droughts events between 1951 and 2010 are associated with El
Nifio events. Four DF trends in this cluster are positive with a fifth at Pauoa Flats
also positive but only significant at the 90% level. For TDD, two on the Big Island and
one on Maui show positive trends. The Haleakala Ranger Station on Maui and PH
Wainiha on Kaua'i display positive trends but only at the 90% level. For TDM, there
is a positive trend at PH Wainiha. Two stations on the Big Island and one on Maui
also show positive trends, significant at the 90% level. DF, TDD and TDM over 1951-

80 and 1981-2010 are presented in Table 4.
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Region 2 (Hawaii Dry). As for Hawaii Wet, the lag-0 relationships between
annual precipitation in R2 and NINO3.4 SSTA are weak and non-significant. Lagged
relationships produce stronger coefficient values that are statistically significant at
five (on Kauai and Oahu) of 14 stations. The only significant drought trend is a DF
negative trend at Puunene 396. This is supported by the small change in R2 DF,
TDD and TDM over the first and second thirty year periods as shown in Table 4.

Region 3 (North ITCZ). This region is made up of the CNMI, Palau, FSM and
the RMI. Cluster analysis suggests this region can be divided into three subregions;
Palau and FSM (R3a), CNMI (R3b), and the RMI (R3c). The lag-0 relationships
between annual precipitation and NINO3.4 SSTA are significant at three of four
stations in R3a and at Majuro in R3c. The relationship becomes statistically
significant at all the R3 stations when annual precipitation is lagged by a year. Most
SPI-12 droughts are associated with El Nifio. Only the following drought trends were
statistically significant: R3a, the Majuro positive TDD and TDM trends and R3c, the
Pohnpei positive TDD trend. This is supported by larger R3 TDD and TDM medians
over 1981-2010 when compared with 1951-1980.

Region 4 (North Australia). This region includes the Kimberley Research
Station in Western Australia (WA), five Northern Territory (NT) stations; Tibooburra
Post Office (P.O.) in NSW, Willis Is., and the QLD stations with the exception of the
group between Rockley, south to the Harrisville P.O. near Brisbane and west to the
Cunnamulla P.O. Cluster analysis suggests R4 can be divided into two subregions.
R4a comprises most of R4, except Willis Is., Palmerville, Mossman South, Coen
P.O. and Cairns Aero in northeast QLD which form R4b. The relationship between
the annual precipitation and NINO3.4 SSTA is largely non-significant in the western

part of the R4 and largely negatively correlated and significant to the east. Drought
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trends are largely non-significant in this part of Australia with the exception of the
positive DF trend at the Alice Springs Airport. At the 90% level only the negative
TDD trend at the Windorah P.O. and negative TDM trend at Brunette Downs are
significant. Unlike Spinoni et al. (2014) we do not find significant negative TDD and
TDM trends in the northern part of the NT, however we do find large negative non-
significant trends in this region.

Region 5 (East Australia). This region includes the QLD stations excluded in
R4 and Collarenebri, Wallangra, Nyngan, Barraba P.O., Lorne and Yamba Pilot
Station in New South Wales. Cluster analysis suggests there are two subregions in
R5; Lorne, Harrisville P.O. and Yamba Pilot Station in R5a with the remaining RS
QLD and NSW stations in R5b. Annual precipitation is negatively correlated with
NINO3.4 SSTA and statistically significant for most of the R5 stations. Unlike the
north Pacific, lagged correlations by large do not produce stronger relationships with
the NINO3.4 SSTA in Australia. Significant negative TDD and TDM trends are only
present at Collarenebri in R5b.

Region 6 (New Guinea Islands). This cluster is made up of Momote W.O.
only, located on Manus Island north of the New Guinea mainland. The correlation
coefficient between Momote annual precipitation and NINO3.4 SSTA is non-
significant for both the concurrent and lagged relationships. Equal numbers of
droughts for SPI-12 occur during EI Nifio and La Nifia. DF, TDD and TDM trends are
non-significant. Kavieng rainfall on New Ireland shows a similar relationship with
NINO3.4 SSTA. Limited data prevents Kavieng from being included in this study.

Region 7 (Central Pacific). This region includes Nauru, Kiribati, Tuvalu, the
northern Cook Islands, and the French Polynesia Tuamotu and Marquesas Groups.

These islands lie between the ITCZ to the north and SPCZ to the southwest. Annual
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precipitation is strongly related to the phase of ENSO and most droughts occur
during La Nifa. Cluster analysis suggests there are two subregions in R7 which are
made up of Nauru and Kiribati (R7a) and Tuvalu, northern Cook Islands and
northeast French Polynesia (R7b). Annual precipitation is strongly positively
correlated with NINO3.4 SSTs in R7a and to a lesser extent in R7b with the
exception of the northernmost station in Tuvalu which has a correlation coefficient
more related to R7a. R7b stations have strong significant lagged relationships with
the NINO3.4 SSTA which is not the case for R7a. With regards to drought trends in
this region only the negative DF trend at Takaroa in R7b is statistically significant.

Region 8 (Pitcairn Islands). This region is composed solely of the Pitcairn
Islands. Pitcairn has little seasonality in precipitation as it lies to the east of the
SPCZ. Neither the concurrent nor lagged relationship between annual precipitation
and NINO3.4 SSTA are statistically significant. Two of the four SPI-12 droughts
between 1954 and 2010 cover a total period of 122 months. Drought trends are not
significant.

Region 9 (Southwest French Polynesia). This region is made up of Tahiti
(Society Islands) and Rapa (Austral Islands) in French Polynesia at the eastern end
of the diagonal portion of the SPCZ. Unlike R8, the presence of the SPCZ results in
seasonality, but like Pitcairn the lag-0 annual precipitation and NINO3.4 SSTA
relationships are weak. La Nifia marginally dominate the drought record for Tahiti
and El Nifio for Rapa. This is perhaps associated with stronger but non-significant
lagged correlations with NINO3.4 SSTA. Only the negative DF trend at Rapa is
significant.

Region 10 (Northern Fiji). This region comprises of Rotuma only, the

northernmost Fiji Island which is located under SPCZ for a large part of the year.
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Both the lag-0 and lag-1 relationships between Rotuma precipitation and NINO3.4
SSTA are non-significant. The climate of Rotuma is unique as droughts occur during
El Nifio and La Nifia. La Nifa results in SPCZ displacement towards Fiji but extreme
southwest displacement leads to drought. Drought trends are not statistically
significant. Supporting these results are data for Niulakita (not included in this study),
the southernmost Tuvalu Island, located about 330 km to the northeast. Niulakita
displays similar non-significant relationships with NINO3.4 SSTA.

Region 11 (Southwest SPCZ). This region occupies the largest part of the
study area; PNG mainland, Solomon Islands, Vanuatu, New Caledonia, main islands
of Fiji, Tonga, Niue, southern Cook Islands and the Australian and NZ subtropical
islands. With the exception of the stations on the northern coast of Papua New
Guinea, the remaining stations lie to the southwest of the SPCZ and are affected by
the subtropical high pressure belt. Cluster analysis suggests there are four
subregions which are Madang and Wewak in PNG (R11a), Lord Howe, Norfolk and
Raoul Islands in the subtropics (R11b), northern Tonga, Niue, Samoa and the
southern Cook Islands (R11c) and the remaining stations between southern Papua
New Guinea and Tonga (R11d). There are significant lag-0 negative relationships
between annual precipitation and NINO3.4 SSTA at all 34 R11 stations. Stations in
R11a, R11b and R11c have non-significant lagged relationships with NINO3.4 SSTA
while most stations in R11d do have significant lagged relationships. Most droughts
are associated with El Nifio in R11.

In R11b, the Norfolk Island TDD and TDM trends are positive and significant.
The DF trend is also positive and significant but only at the 90% level. The Lord
Howe Island TDM trend is positive. Drought trends are mixed in the R11d. At

Nausori Airport in Fiji and Port Vila-Bauerfield Airport in Vanuatu the DF trends are
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positive. The DF trend is negative at Chepenehe on Lifou Island in New Caledonia.
At Houailou P. the TDD trend is positive and the TDM trends at Houailou P. and
Kone are significant at the 90% level. Overall for R11, TDD and TDM are notably

larger over 1981-2010 when compared with TDD and TDM for 1951-1980.

d. Drought variability on decadal timescales

There is a negative relationship between 13-year running average annual
standardized precipitation and TPI/PDO in the Hawaii Wet, North ITCZ, North
Australia (TPI only), New Guinea Islands, Pitcairn Is. (PDO only), Rotuma (PDO
only) and Southwest Pacific regions and a strong positive relationship in the Central
Pacific (Table 5). These results show there is decadal scale variability in annual
precipitation at these locations in phase with the IPO/PDO. On a Hawaiian Islands
scale and PDO-precipitation relationship is statistically significant. The TPI — East

Australia relationship is also significant but only at the 90% level.

Drought duration was longer and drought magnitude larger during the
TPI/PDO negative phases in the Hawaii Wet region. Conversely droughts were
longer and more intense in the North ITCZ and Southwest SPCZ regions during the

TPI/PDO positive phase from 1978-1998 (Table 4).

5. Summary of Regional Findings

In this study we use the Standardized Precipitation Index (SPI-12 timescale)
to examine the historical precipitation record for trends in drought frequency,
duration and magnitude over 1951-2010 using 113 station records for 21 countries

and territories in western Pacific. This is followed by analyses to determine the
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strength of the relationship between precipitation and drivers of Pacific climate

namely ENSO and the IPO/PDO.

Station scale trends in drought are largely positive but non-significant (>90%)
and spatially heterogeneous trends over 1951-2010 implying that there has been
little change in meteorological drought occurrence for most of the study region over
the last 60 years. Where trends are significant, they are also largely positive and
located in the subtropics.

In the Hawaiian region, the positive drought trends compliment earlier work
that found an increase in CDD across the State over 1950-2007 (Chu et al., 2010).
According to Chu and Chen (2005) the drying trends are associated with anomalous
surface westerlies to the north of Hawaii, anomalously stronger and deeper sinking
motions and anomalously vertically integrated moisture flux divergence over Hawaii.
These together with weakened northeast trade winds since the mid-1970s (Garza et
al. 2012) provide unfavourable conditions for convection especially during the winter
period. There are also a number of studies that suggest the width of the tropical belt
has changed (Seidel et al. 2008; Lu et al. 2007, 2009). Further, Li et al. (2011) show
significant heat flux changes in the Pacific and suggest that the changes are closely
linked to global warming forcing. In particular, Fig. 5 of the Li et al. (2011) paper
suggests lower latent heat fluxes, particularly post-1990 in a broad region around
and northeast of Hawaii, which may be associated with reduced precipitation in the
Hawaiian Islands in recent decades (Diaz and Giambelluca 2012).

In the south Pacific subtropics, the significant positive TDD and TDM trends
are supported by negative trends in total annual precipitation and annual days with
rainfall > 1 mm and > 10 mm since 1951 (Jovanovic et al. 2012; McGree et al. 2014).

Increasing trends in droughts in subtropical southern Australia (CSIRO 2012) and
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the Altiplano in South America (Morales et al. 2011), have previously been linked to
changes in the Hadley circulation. As the Norfolk and Lord Howe Islands are
adjacent to southern Australia it is likely the intensification of the Hadley circulation
and poleward shift of the subtropical dry zone are also responsible for the drying
trends. The reason for the intensification is the subject of considerable debate with
some studies attributing the change to stratospheric ozone depletion (Min and Son
2013), while others favour increased surface global warming (Nguyen et al. 2015) or
a combination of the two (Allen et al. 2014).

An alternative method of examining drought change over time is to compare
the DF, TDD and TDM medians for 1951-1980 and 1981-2010. The 1981-2010 DF,
TDD and TDM medians are larger than those for 1951-1980 with the differences in
the median values highly significant. However, the change is non-linear as
discovered by comparing the six decade medians from 1951. For all three measures
of drought one of the decade medians is greater than the others with the difference
statistically significant. In the case of TDD and TDM, the 1991-2000 median is
greater than all the other decade medians. This feature is notable in Fig. 6 which
shows drought hot spots (TDM) for the study region. Station markers for the 1991-
2000 period are in the majority (~35%). A period when a number of very strong El
Nifilo events occurred, most notably the 1982/83 and 1997/98 events. The results of
the study to this point suggest ENSO and possibly IPO influence drought frequency,
duration and magnitude which leads to the second part of the study where the aim is
to investigate the strength of the relationship between precipitation and drivers of
Pacific climate especially in the tropical Pacific.

In the central north Pacific, El Nifio events are associated with the upper-

tropospheric jet stream extending eastward during the boreal winter. The Hawaiian
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Islands are located in the right exit region of the jet stream, in an area of upper-level
convergence. The expected anomalous sinking motion resulting from upper-level
convergence tends to hinder the development of subtropical cyclones, upper-level
lows, and the passage of mid-latitude frontal systems to the Hawaiian Islands. These
features, together with reduced north-easterly trade winds result in low wet season
rainfall (Chu 1995; Chu and Chen 2005; Cao et al. 2007; Garza et al. 2012). In the
north-western tropical Pacific in the vicinity of the ITCZ, El Nifio is associated with
weakened trade winds (Lander 2004) and the ITCZ displaced on average closer to
the equator and more intense between 160°E-120°W, 0°-15°N (Australian Bureau of
Meteorology and CSIRO 2011) resulting in droughts in the islands immediately to the
north (Fig. 2).

In the southwest Pacific, ENSO has a notable influence on the SPCZ and
therefore on precipitation received in the countries nearby (Trenberth 1976; Vincent
1994; Folland et al. 2002; Vincent et al. 2009). Trenberth (1976) described the
movement of the SPCZ as north and east during El Nifio and south and west during
La Nifia. Asymmetric orientations of the SPCZ resulted in a near-parallel alignment
with the equator (and in large displacement) for the very strong El Nifio events of
1982/83 and 1997/98. There is also evidence that meridional Hadley circulation
strengthens during El Nifio (Chu and Chen 2005; Lough et al. 2011) resulting in
cooler, drier tradewinds in the south Pacific.

In the Papua New Guinea and northeast Australian region the West Pacific
Monsoon (WPM) (Fig. 2) is associated with a seasonal reversal of wind direction that
brings heavy rainfall to northern Australia, and western tropical Pacific Islands.
Variations in the timing, position, intensity, longevity and extent of the monsoon

account for much of the rainfall variability in this region. ENSO causes some
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variability in the WPM. The two most extreme maximum eastern extents of the
monsoon domain occurred during the strong El Nifio events of 1982/83 and 1997/98
(Australian Bureau of Meteorology and CSIRO 2011). Although Australia is
influenced by many climate drivers, El Nifio and La Nifia have perhaps the strongest
influence on interannual rainfall variability. The shift in rainfall away from the western
Pacific, associated with El Nifio, means that Australian rainfall is usually reduced
through winter—spring, particularly across the eastern and northern parts of the
continent. The date of the monsoon onset in tropical Australia is generally 2—6 weeks
later during El Nifio years than in La Nifia years. This means that precipitation in the
northern tropics is typically well-below-average during the early part of the wet
season for El Nifio years (Nicholls 1984; Lo et al. 2007; Timbal and Drosdowsky
2013).

The literature survey demonstrates precipitation variability is dissimilar across
the study region and as such a simple region averaged precipitation time-series
would not be appropriate. In an effort to reduce the number of variables and reduce
noise at a station level, multivariate analyses is applied to group the precipitation
time-series into coherent regions of variability. Eleven coherent precipitation regions
of variability were found using cluster analysis - three in the north Pacific, two in
northeast Australia and six in the south Pacific. We confirm the cluster groupings and
derive additional information by computing the strength of the ENSO (using NINO3.4
SSTA) and precipitation relationship using correlation coefficients.

Cluster analysis divides the Hawaiian Islands into two regions based on high
(low) annual precipitation largely associated with the windward (leeward) sides of the
islands. Our investigation of the strength of the relationship between annual

precipitation and NINO3.4 SSTA finds a non-significant relationship at lag-0 across
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the State but a negative relationship at lag-1 at almost 50% of the stations on the
leeward side of the islands and at one of ten stations on the windward side.

Numerous studies have documented the negative correlation between
equatorial Pacific SSTs and rainfall across most of Australia, including QLD e.g.
McBride and Nicholls (1983); Allan (1988); Lough (1991); Murphy and Ribbe (2004).
There have also been a number of attempts to group northeast Australia
precipitation into coherent regions of variability e.g. Drosdowsky (1993). Results vary
depending on time-period and data selected. Our results show two main clusters
with the first covering the northeast WA, the NT, QLD with exception of the stations
to the southeast, the northwest portion of NSW and Willis Island off the coast of
QLD. The second cluster covers the remaining portion of QLD and NSW. The annual
precipitation relationship with NINO3.4 SSTA is by large non-significant in the
monsoon dominated portion of northern Australia but largely significant to the east.
Unlike the North ITCZ and Southwest SPCZ clusters NINO3.4 SSTA does not have
a lagged relationship with northeast Australia precipitation.

We are only aware of one previous study (Salinger et al. 1995) beyond
Australia and Hawaii that groups Pacific Islands precipitation time-series into
coherent regions of variability using statistical techniques. There are noteworthy
differences between results of Salinger et al. (1995) and this study. The Northern Fiji
cluster in this study does not include Samoa and the southern Cook Islands, partly
due to there being a significant inverse relationship between stations at these
locations and NINO3.4 SSTA whereas there is a weak relationship between the
Northern Fiji cluster precipitation and NINO3.4 SSTA. In Salinger et al. (1995) the
Southwest SPCZ region is labelled 'Subtropical region'. With a larger dataset the

'Subtropical region' is expanded in this study to include the PNG mainland, Solomon
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Islands, Australian Pacific subtropical islands, Samoa and the southern Cook
Islands.

Further, we present a lagged relationship between annual precipitation and
NINO3.4 SSTA for most of the stations between southern PNG and southern Tonga
(southwest of the zonal portion of the SPCZ (Folland et al. 2002)) which does not
include the northern Tonga to southern Cook Islands portion (southwest of the
diagonal portion of the SPCZ) of the Southwest SPCZ cluster. Grouping precipitation
time-series into coherent regions of variability has not been attempted for the north
tropical Pacific. We have found a North ITCZ cluster that covers the CNMI, Palau,
FSM and the RMI region. El Nifio events correspond closely with increased risk of
drought in the following year in this Micronesia region with drought tending to be
most extreme during the northern hemisphere winter and spring following an EI Nifio
(Keener et al. 2012). We have found lag-0 relationships between annual precipitation
and NINO3.4 SSTA significant at four of six stations in the Palau-FSM and RMI
subclusters. This relationship becomes statistically significant at all seven stations in
the North ITCZ cluster when the precipitation is lagged by a year.

Finally, we determine the strength of the relationship between the precipitation
clusters and IPO/PDO as well as determine whether droughts are longer and/or
more severe during a particular phase of IPO/PDO. The results show that during the
IPO/PDO positive (negative) phase the Hawaii Wet, North ITCZ, North Australia (IPO
only), New Guinea Islands, Pitcairn Is. (PDO only), Northern Fiji (PDO only) and
Southwest SPCZ clusters were ‘drier’ (‘wetter’) with the reverse applying for the
Central Pacific cluster. When the Hawaii Wet and Hawaii Dry clusters are merged,
the 13-year running average Hawaiian standardised precipitation and PDO

relationship is found to be highly significant (p = -0.369, p = 0.010) in line with
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previous conclusions on the PDO and Hawaiian precipitation relationship (Mantua et
al. 1997; Chu and Chen 2005). The above result for Hawaii Dry suggests PDO's
influence on Hawaiian precipitation is stronger on the windward side of the islands.

For the North ITCZ and Southwest SPCZ clusters ‘drier’ periods are
associated with longer and more severe droughts. In the Central Pacific and where
the precipitation clusters and IPO/PDO relationships were weaker (North Australia,
New Guinea Islands, Pitcairn Is., Northern Fiji) there was no significant difference in
median drought duration or magnitude. For Australia, this finding correlates with
earlier work that found that during the earlier IPO positive phase ENSO and QLD
rainfall became uncorrelated. During these years, QLD rainfall became less variable
on inter-annual scales, presumably due to the lack of a large-scale climate driver
(Lough 1991). Further, Power et al. (1999) found that the positive IPO phase
resulted in a weakening of ENSO-Australian-rainfall teleconnection. Unexpectedly,
drought duration and magnitude were found to be greater during Hawaii Wet ‘wet’
phases. However, on a State scale the median differences are not statistically
significant. It is possible the longer and more severe droughts in the Hawaii Wet
cluster during PDO negative periods are the result of positive trends in drought at a
number of stations in this cluster. This is supported by Frazier et al. (2011) and Diaz
and Giambelluca (2012) who show some degree of negative correlation between
PDO and Hawaiian winter precipitation prior to the late 1970s climate shift in the
Pacific. However, since about 1980 the precipitation association with the PDO index
has become much weaker or non-existent.

There is a notable difference between PDO and IPO (as defined by the TPI)
their relationship with precipitation as shown in Table 5. This is in contract to the

findings of (Folland et al. 2002) who found PDO and IPO to be essentially equivalent
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in describing Pacific-wide variations in ocean climate. The relationship between the
PDO and north Pacific precipitation (Hawaii Wet, Hawaii Dry and North ITCZ
clusters) is stronger than that of the TPI and Hawaiian precipitation while the reverse
applies in the south Pacific (North Australia, East Australia and Southwest SPCZ
clusters). In the near-equatorial Pacific the relationships between the decadal indices
and precipitation are near equivalent (Central Pacific and New Guinea Islands
cluster). The weaker (as compared with the PDO) Northern Fiji and Pitcairn Islands
cluster relationships with TPI are unexpected. This may be associated weak to non-

existent relationships between precipitation and ENSO at these locations.

6. Conclusions

In response to the general perception amongst Pacific Islanders that the
frequency of drought has increased, particularly in the last couple of decades, the
results of this study show from a meteorological perspective, drought frequency,
duration and magnitude for Pacific Islands and northeast Australia were greater over
1981-2010 as compared with 1951-1980. The increase was not linear and was in a
large part due to low frequency variability namely the positive phase of the IPO from
1977-1998. The switch to the negative phase of IPO from 1999 resulted in a decade
from 2000 with reduced drought activity. The subtropics of both hemispheres are
notable exceptions. Here changes in the Hadley Circulation resulted in a number of
locations displaying positive drought trends that are statistically significant.

Overall, IPO and ENSO were the dominant drivers of drought occurrence over
the period 1951-2010 with the exception of the Pacific Ocean subtropics in recent

decades.

30



737

738

739

740

741

742

743
744
745
746
747

748
749

750
751
752

753
754

755
756
757
758
759

760
761
762
763

764
765
766
767
768

769
770
771

772
773

774

Acknowledgements. The authors thank John Marra, Michael Kruk and Blair Trewin
for their assistance with selecting the Hawaiian and Australian stations for this study.
Valuable comments from Blair Trewin, Janita Pahalad and Neil Plummer helped
improve quality of the manuscript. Approval from the respective heads of the Pacific
Island National Meteorological & Hydrological Services for the use of their

meteorological data is greatly appreciated.

REFERENCES

Allan, R. J., 1988: El Nifio Southern Oscillation influences in the Australasian region.
Prog. Phys. Geogr., 12, 313348, doi:10.1177/030913338801200301.

Allan, R. J., R. Lindesay, and D. Parker, 1996: E/ Nino Southern Oscillation and
Climatic Variability. CSIRO, 402 pp.

Allen, R. J., J. R. Norris, and M. Kovilakam, 2014: Influence of anthropogenic
aerosols and the Pacific Decadal Oscillation on tropical belt width. Nat. Geosci,
7, 270-274.

Anderson, D., 2014: Endurance Australian Stories of Drought. CSIRO Publishing,
Collingwood, Victoria, Australia, 237 pp.

Australian Bureau of Meteorology, 2012: Record-breaking La Nifia events. An
analysis of the La Nifa life cycle and the impacts and significance of the 2010—
11 and 2011-12 La Nifa events in Australia.
http://www.bom.gov.au/climate/enso/history/La-Nina-2010-12.pdf (Accessed
January 15, 2015).

——, 2015: Australian climate extremes - Trend maps, Consecutive Dry Days, 1950-
present.
http://www.bom.gov.au/climate/change/#tabs=Tracker&tracker=extremes-trend-
maps&tQ[map]=CDDs&tQ[period]=1950 (Accessed March 13, 2015).

——, and CSIRO, 2011: Climate Change in the Pacific: Scientific Assessment and
New Research. Volume 1: Regional Review. Volume 2: Country Reports.
Melbourne, Australia,
http://www.pacificclimatechangescience.org/publications/reports/report-climate-
change-in-the-pacific-scientific-assessment-and-new-research/.

Barnett, J., 2011: Dangerous climate change in the Pacific Islands: food production
and food security. Reg. Environ. Chang., 11, 229-237, doi:10.1007/s10113-010-
0160-2.

Barnett, J., and J. Campbell, 2010: Climate Change and Small Island States: Power,
Knowledge, and the South Pacific. Earthscan, 218 pp.

Barnston, A. G., M. Chelliah, and S. B. Goldenberg, 1997: Documentation of a highly

31



775
776

777
778
779

780
781
782

783
784
785

786
787

788
789

790
791
792

793
794

795
796

797
798
799

800
801
802

803
804
805

806
807
808
809

810
811
812

813
814

815

ENSO- related sst region in the equatorial pacific: Research note. Atmosphere-
Ocean, 35, 367-383, doi:10.1080/07055900.1997.9649597.

Benns, M., 2011: Tuvalu to run out of water by Tuesday. Dly. Telegr.,.
www.telegraph.co.uk/news/worldnews/australiaandthepacific/tuvalu/8804093/Tu
valu-to-run-out-of-water-by-Tuesday.html (Accessed February 26, 2015).

Cai, W., and P. van Rensch, 2012: The 2011 southeast Queensland extreme
summer rainfall: A confirmation of a negative Pacific Decadal Oscillation phase?
Geophys. Res. Lett., 39, L08702, doi:10.1029/2011GL050820.

Cao, G., T. W. Giambelluca, D. E. Stevens, and T. A. Schroeder, 2007: Inversion
Variability in the Hawaiian Trade Wind Regime. J. Clim., 20, 1145-1160,
doi:10.1175/JCLI14033.1.

Chambers, L. E., 2001: Classifying rainfall districts: A south western Australian
study. Aust. Meteorol. Mag., 50, 91-103.

——, 2003: South Australian rainfall variability and trends. Australian Bureau of
Meteorology Research Centre (BMRC) Report, Melbourne, 40 pp.

Chen, Y. R., and P.-S. Chu, 2014: Trends in precipitation extremes and return levels
in the Hawaiian Islands under a changing climate. Int. J. Climatol., 29, 3913—
3925, doi:10.1002/joc.3950.

Chu, P.-S., 1995: Hawaii Rainfall Anomalies and El Nifo. J. Clim., 8, 1697—-1703,
doi:http://dx.doi.org/10.1175/1520-0442(1995)008<1697:HRAAEN>2.0.CO;2.

——, and H. Chen, 2005: Interannual and Interdecadal Rainfall Variations in the
Hawaiian Islands. J. Clim., 18, 4796—4813, doi:10.1175/JCLI13578.1.

——, Y. R.Chen, and T. A. Schroeder, 2010: Changes in Precipitation Extremes in
the Hawaiian Islands in a Warming Climate. J. Clim., 23, 4881-4900,
doi:10.1175/2010JCLI13484.1.

CSIRO, 2012: Climate and water availability in south-eastern Australia: A synthesis
of findings from Phase 2 of the South Eastern Australian Climate Initiative
(SEACI). 41 pp.

d’Aubert, A., and P. D. Nunn, 2012: Furious Winds and Parched Islands: Tropical
Cyclones (1558-1970) and Droughts (1722-1987) in the Pacific. Xlibris
Corporation, Australia, 360 pp.

Diaz, H. F., and T. W. Giambelluca, 2012: Changes in atmospheric circulation
patterns associated with high and low rainfall regimes in the Hawaiian Islands
region on multiple time scales. Glob. Planet. Change, 98-99, 97—-108,
doi:http://dx.doi.org/10.1016/j.gloplacha.2012.08.011.

Diaz, H. F., P. S. Chu, and J. K. Eischeid, 2005: Rainfall changes in Hawaii during
the last century. 16th Conference on Climate Variability and Change, San
Diego, CA.

Dracup, J. A., K. S. Lee, and E. G. Paulson, 1980: On the definition of droughts.
Water Resour. Res., 16, 297-302, doi:10.1029/WR016i002p00297.

Drosdowsky, W., 1993: An analysis of Australian seasonal rainfall anomalies: 1950—

32



816
817

818
819
820

821
822
823
824

825
826
827

828
829
830

831
832
833

834
835
836

837
838
839

840
841
842

843
844
845
846
847

848
849
850
851

852
853
854

855
856
857
858

1987. | Spatial patterns. Int. J. Climatol., 13, 1-30,
doi:10.1002/joc.3370130102.

Edwards, D. C., and T. B. McKee, 1997: Characteristics of 20th century drought in
the United States at multiple scales. Climatological Report No.97-2, Colorado
State University: Fort Collins,.

Folland, C. K., J. A. Renwick, M. J. Salinger, and A. B. Mullan, 2002: Relative
influences of the Interdecadal Pacific Oscillation and ENSO on the South Pacific
Convergence Zone. Geophys. Res. Lett., 29, 21-24,
doi:10.1029/2001GL014201.

Frazier, A. G., H. F. Diaz, and T. W. Giambelluca, 2011: Rainfall in Hawai’i: Spatial
and temporal changes since 1920 (Abstract #GC21B-0900). Poster presented at
the American Geophysical Union Fall Meeting, San Francisco, CA.

Gallant, A. J. E., M. J. Reeder, J. S. Risbey, and K. J. Hennessy, 2013: The
characteristics of seasonal-scale droughts in Australia, 1911-2009. Int. J.
Climatol., 33, 1658-1672, doi:10.1002/joc.3540.

Garza, J. A., P.-S. Chu, C. W. Norton, and T. A. Schroeder, 2012: Changes of the
prevailing trade winds over the islands of Hawaii and the North Pacific. J.
Geophys. Res. Atmos., 117, D11109, doi:10.1029/2011JD016888.

Giambelluca, T. W., D. Nullet, M. A. Ridgley, P. R. Eyre, J. E. T. Moncur, and S.
Price, 1991: Drought in Hawai’i, Report R88. Commission on Water Resources
Management, State of Hawai'’i, Honolulu., 232 pp.

Heim, R. R., 2002: A Review of Twentieth-Century Drought Indices Used in the
United States. Bull. Am. Meteorol. Soc., 83, 1149-1165, doi:10.1175/1520-
0477(2002)083<1149:AROTDI>2.3.CO;2.

Henley, B., J. Gergis, D. Karoly, S. Power, J. Kennedy, and C. Folland, 2015: A
Tripole Index for the Interdecadal Pacific Oscillation. Clim. Dyn., 1-14,
doi:10.1007/s00382-015-2525-1.

Hennessy, K., and Coauthors, 2008: An assessment of the impact of climate change
on the nature of frequency of exceptional climatic events. A consultancy report
by CSIRO and the Australian Bureau of Meteorology for the Australian Bureau
of Rural Sciences. 33 pp.
http://www.bom.gov.au/climate/droughtec/download.shtml.

IPCC, 2013: Climate Change 2013: The Physical Science Basis. Contribution of
Working Group | to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change. T.F. Stocker et al., Eds. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA, 1535 pp.

Jovanovic, B., K. Braganza, D. Collins, and D. Jones, 2012: Climate variations and
change evident in high-quality climate data for Australia’s Antarctic and remote
island weather stations. Aust. Meteorol. Ocean. J., 62, 247-261.

Keener, V. W., J. J. Maara, M. L. Finucane, D. Spooner, and M. H. Smith, 2012:
Climate Change and Pacific Islands: Indicators and Impacts. Report for the 2012
Pacific Islands Regional Climate Assessment. Island Press, Washington D.C,
170 pp.

33



859
860
861

862
863
864
865

866
867
868

869
870
871

872
873
874
875

876
877

878
879

880
881
882

883
884

885
886
887

888
889

890
891
892
893

894
895

896
897

898
899
900

Keyantash, J., and J. A. Dracup, 2002: The Quantification of Drought: An Evaluation
of Drought Indices. Bull. Am. Meteorol. Soc., 83, 1167-1180, doi:10.1175/1520-
0477(2002)083<1191:TQODAE>2.3.CO;2.

Kruk, M. C., A. M. Lorrey, G. M. Griffiths, M. Lander, E. J. Gibney, H. J. Diamond,
and J. J. Marra, 2015: On the state of the knowledge of rainfall extremes in the
western and northern Pacific basin. Int. J. Climatol., 35, 321-336,
doi:10.1002/joc.3990.

Kruskal, W. H., and W. A. Wallis, 1952: Use of Ranks in One-Criterion Variance
Analysis. J. Am. Stat. Assoc., 47, 583-621,
doi:10.1080/01621459.1952.10483441.

Kuleshov, Y., and Coauthors, 2014: Extreme weather and climate events and their
impacts on island countries in the Western Pacific: Cyclones, Floods and
Droughts. Atmos. Clim. Sci., 4, 803-818, doi:10.4236/acs/2014.45071.

Lander, M. A., 2004: Rainfall climatology for Saipan: Distribution, return-periods, EI
Nino, tropical cyclones and long term variations. Water and Environmental
Research Institute of the Western Pacific, University of Guam, 54 pp.
http://www.weriguam.org/docs/reports/103.pdf.

Lattin, J. M., J. D. Carroll, and P. E. Green, 2003: Analyzing Multivariate Data.
Brooks/Cole Cengage Learning, Belmont, CA., 556 pp.

Lavery, B., G. Joung, and N. Nicholls, 1997: An extended high-quality historical
rainfall dataset for Australia. Aust. Meteorol. Mag., 46, 27—-38.

Li, J., S.-P. Xie, E. R. Cook, G. Huang, R. D’Arrigo, F. Liu, J. Ma, and X.-T. Zheng,
2011: Interdecadal modulation of El Nino amplitude during the past millennium.
Nat. Clim. Chang., 1, 114—118.

Lloyd-Hughes, B., and M. A. Saunders, 2002: A drought climatology for Europe. Int.
J. Climatol., 22, 1571-1592, doi:10.1002/joc.846.

Lo, F., M. C. Wheeler, H. Meinke, and A. Donald, 2007: Probabilistic Forecasts of
the Onset of the North Australian Wet Season. Mon. Weather Rev., 135, 3506—
3520, doi:10.1175/MWR3473.1.

Lough, J. M., 1991: Rainfall variations in Queensland, Australia: 1891-1986. Int. J.
Climatol., 11, 745-768, doi:10.1002/joc.3370110704.

——, G. A. Meehl, and M. J. Salinger, 2011: Observed and projected changes in
surface climate of the tropical Pacific. Vulnerability of the tropical Pacific
fisheries and aquaculture to climate change, J.D. Bell, J.E. Johnson, and A.J.
Hobday, Eds., Secretariat of the Pacific Community, Noumea, New Caledonia.

Lu, J., G. A. Vecchi, and T. Reichler, 2007: Expansion of the Hadley cell under
global warming. Geophys. Res. Lett., 34, doi:10.1029/2006GL028443.

——, C. Deser, and T. Reichler, 2009: Cause of the widening of the tropical belt
since 1958. Geophys. Res. Lett., 36, doi:10.1029/2008GL036076.

Manhire, T., 2011: Tuvalu drought could be dry run for dealing with climate change.
Guard.,. http://lwww.theguardian.com/world/2011/oct/17/tuvalu-drought-climate-
change (Accessed February 23, 2015).

34



901
902
903

904
905
906
907

908
909
910

911
912
913

914
915
916

917
918
919

920
921
922

923
924
925

926
927
928

929
930

931
932
933

934
935
936

937
938

939
940

941
942

Mann, H. B., and D. R. Whitney, 1947: On a Test of Whether one of Two Random
Variables is Stochastically Larger than the Other. Ann. Math. Stat., 18, 50—60,
doi:10.1214/aoms/1177730491.

Mantua, N. J., S. R. Hare, Y. Zhang, J. M. Wallace, and R. C. Francis, 1997: A
Pacific Interdecadal Climate Oscillation with Impacts on Salmon Production.
Bull. Am. Meteorol. Soc., 78, 1069-1079, doi:10.1175/1520-
0477(1997)078<1069:APICOW>2.0.CO;2.

McBride, J. L., and N. Nicholls, 1983: Seasonal Relationships between Australian
Rainfall and the Southern Oscillation. Mon. Weather Rev., 111, 1998-2004,
doi:10.1175/1520-0493(1983)111<1998:SRBARA>2.0.CO;2.

McGree, S., and Coauthors, 2014: An updated assessment of trends and variability
in total and extreme rainfall in the western Pacific. Int. J. Climatol., 34, 2775—
2791, doi:10.1002/joc.3874.

McKee, T. B., N. J. Doeskin, and J. Kleist, 1993: The relationship of drought
frequency and duration to time scales. 8th Conf. on Applied Climatology,
Anaheim, Canada, 179-184.

McKee, T. B., N. J. Doesken, and J. Kleist, 1995: Drought monitoring with multiple
time scales. Proceedings of the Ninth Conference on Applied Climatology,
Boston, American Meteorological Society, 233-236.

McPhaden, M. J., S. E. Zebiak, and M. H. Glantz, 2006: ENSO as an Integrating
Concept in Earth Science. Science (80-. )., 314, 1740-1745,
doi:10.1126/science.1132588.

Min, S.-K., and S.-W. Son, 2013: Multimodel attribution of the Southern Hemisphere
Hadley cell widening: Major role of ozone depletion. J. Geophys. Res. Atmos.,
118, 3007-3015, doi:10.1002/jgrd.50232.

Morales, M. S., and Coauthors, 2011: Precipitation changes in the South American
Altiplano since 1300 AD reconstructed by tree-rings. Clim. Past, 8, 653—666,
doi:10.5194/cp-8-653-2012.

Murphy, B. F., and J. Ribbe, 2004: Variability of southeastern Queensland rainfall
and climate indices. Int. J. Climatol., 24, 703721, doi:10.1002/joc.1018.

——, S. B. Power, and S. McGree, 2014: The Varied Impacts of El Niio—Southern
Oscillation on Pacific Island Climates. J. Clim., 27, 4015-4036,
doi:10.1175/JCLI-D-13-00130.1.

Nguyen, H., C. Lucas, A. Evans, B. Timbal, and L. Hanson, 2015: Expansion of the
Southern Hemisphere Hadley Cell in Response to Greenhouse Gas Forcing. J.
Clim., 28, 8067-8077, doi:10.1175/JCLI-D-15-0139.1.

Nicholls, N., 1984: A system for predicting the onset of the north Australian wet-
season. J. Climatol., 4, 425-435, doi:10.1002/joc.3370040407.

Nunn, P. D., 2007: Climate, Environment, and Society in the Pacific during the Last
Millennium. Elsevier Science, 316 pp.

Olukayode Oladipo, E., 1985: A comparative performance analysis of three
meteorological drought indices. J. Climatol., 5, 655-664,

35



943

944
945
946
947

948
949

950
951
952

953
954
955

956
957

958
959
960

961
962
963
964

965
966
967

968
969
970

971
972
973

974
975

976
977
978

979
980
981

982
983

doi:10.1002/joc.3370050607.

Power, S., F. Tseitkin, S. Torok, B. Lavery, R. Dahni, and B. McAvaney, 1998:
Australian temperature, Australian rainfall and the Southern Oscillation, 1910-
1992: coherent variability and recent changes. Aust. Meteorol. Mag., 47, 85—
101.

Power, S., T. Casey, C. Folland, A. Colman, and V. Mehta, 1999: Inter-decadal
modulation of the impact of ENSO on Australia. Clim. Dyn., 15, 319-324.

Ropelewski, C. F., and M. S. Halpert, 1989: Precipitation Patterns Associated with
the High Index Phase of the Southern Oscillation. J. Clim., 2, 268-284,
doi:10.1175/1520-0442(1989)002<0268:PPAWTH>2.0.CO;2.

Salinger, M. J., R. E. Basher, B. B. Fitzharris, J. E. Hay, P. D. Jones, J. P. Macveigh,
and |. Schmidely-Leleu, 1995: Climate trends in the South-west Pacific. Int. J.
Climatol., 15, 285-302, doi:10.1002/joc.3370150305.

——, J. A. Renwick, and A. B. Mullan, 2001: Interdecadal Pacific Oscillation and
South Pacific climate. Int. J. Climatol., 21, 1705-1721, doi:10.1002/joc.691.

——, S. McGree, F. Beucher, S. B. Power, and F. Delage, 2014: A new index for
variations in the position of the South Pacific convergence zone 1910/11—
2011/2012. Clim. Dyn., 1-12, doi:10.1007/s00382-013-2035-y.

Sawlani, G., 2015: PNG’s drought disaster impacting on Port Moresby's power
supply. Aust. Broadcast. Comm. Pacific Beat,.
http://www.abc.net.au/news/2015-09-08/pngs-drought-disaster-impacting-on-
port-moresbys/6759266 (Accessed January 2, 2015).

Seidel, D. J., Q. Fu, W. J. Randel, and T. J. Reichler, 2008: Widening of the tropical
belt in a changing climate. Nat. Geosci, 1, 21-24.
http://dx.doi.org/10.1038/ngeo0.2007.38.

Singh, R. B. K., S. Hales, N. de Wet, R. Raj, M. Hearnden, and P. Weinstein, 2001:
The Influence of Climate Variation and Change on Diarrheal Disease in the
Pacific Islands. Environ. Health Perspect., 109, 155-159, doi:10.2307/34347609.

Spinoni, J., G. Naumann, H. Carrao, P. Barbosa, and J. Vogt, 2014: World drought
frequency, duration, and severity for 1951-2010. Int. J. Climatol., 34, 2792—
2804, doi:10.1002/joc.3875.

Tapper, N., and L. Hurry, 1993: Australia’s Weather Patterns: An Introductory Guide.
Dellasta, 130 pp.

Timbal, B., and W. Drosdowsky, 2013: The relationship between the decline of
Southeastern Australian rainfall and the strengthening of the subtropical ridge.
Int. J. Climatol., 33, 1021-1034, doi:10.1002/joc.3492.

Torok, S. J., 1996: The development of a high quality historical temperature
database for Australia. Unpublished Ph.D. Thesis, University of Melbourne,
Australia, .

Trenberth, K. E., 1976: Spatial and temporal variations of the Southern Oscillation.
Q. J. R. Meteorol. Soc., 102, 639-653, doi:10.1002/qj.49710243310.

36



984
985
986
987

988
989
990

991
992
993
994

995
996
997

998
999
1000

1001
1002
1003

1004
1005
1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

Vance, T. R., J. L. Roberts, C. T. Plummer, a S. Kiem, and T. D. van Ommen, 2014:
Interdecadal Pacific variability and eastern Australian mega-droughts over the
last millennium. Geophys. Res. Lett., 2014GL062447,
doi:10.1002/2014GL062447.

Vincent, D. G., 1994: The South Pacific Convergence Zone (SPCZ): A Review. Mon.
Weather Rev., 122, 1949-1970, doi:10.1175/1520-
0493(1994)122<1949:TSPCZA>2.0.CO;2.

Vincent, E., M. Lengaigne, C. Menkes, N. Jourdain, P. Marchesiello, and G. Madec,
2009: Interannual variability of the South Pacific Convergence Zone and
implications for tropical cyclone genesis. Clim. Dyn., 36, 1881-1896,
doi:10.1007/s00382-009-0716-3.

Wilhite, D. A., and M. H. Glantz, 1985: Understanding: the Drought Phenomenon:
The Role of Definitions. Water Int., 10, 111-120,
doi:10.1080/02508068508686328.

WMO, 2012: Standardized Precipitation Index User Guide (M. Svoboda, M. Hayes
and D. Wood) WMO-No.1090. Geneva, 24 pp.
http://www.wamis.org/agm/pubs/SPI/WMO_1090 EN.pdf.

World-Bank, 2000: Cities, Seas, Storms. Managing Change in Pacific Island
Economies. Summary Report. The International Bank for Reconstruction and
Development/The World Bank, Washington D.C., USA,.

Zhang, Y., J. M. Wallace, and D. S. Battisti, 1997: ENSO-like Interdecadal Variability:
1900-93. J. Clim., 10, 1004-1020, doi:10.1175/1520-
0442(1997)010<1004:ELIV>2.0.CO;2.

37



1020

1021
1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

TABLE 1. Classification used for the SPI

SPI value Class Probability %
SP1=>2.0 Extremely wet | 2.3
1.5<SPI<20 Severely wet | 4.4
1.0<SPI<15 Seriously wet | 9.2
-1.0<SPI<1.0 | Nearnormal |68.2
-1.5<SPI<-1.0 | Seriously Dry | 9.2
-2.0<SPI=-1.5| Severelydry |4.4
SPI<-2.0 Extremely dry | 2.3
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TABLE 2. Median DF, TDD and TDM over 1951-1980 and 1981-2010

1951-1980 | 1981-2010 | p-value

DF 5 6 0.0022
TDD 92 116 0.0000
TDM 96.9 121.8 0.0000
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TABLE 3. Median DF, TDD and TDM over individual decades between 1951 and

2010

DF TDD TDM
Median (Ave rank) | Median | Median

1951-60 2 (298.4) 27 26.9
1961-70 2 (337.3) 30 29.5
1971-80 2 (318.6) 28 29.5
1981-90 2 (357.2) 33 34.0
1991-00 2 (375.8) 47 54.5
2001-10 2 (349.6) 34 35.0
p-value 0.044 0.000 | 0.000
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TABLE 4. Station median DF, TDD and TDM for 1951-1980 and 1981-2010.

Cluster DF TDD TDM

(No. of events) (months) (SPI units)

1951- 1981- 1951- 1981- 1951- 1981-

80 10 80 10 80 10

1. Hawaii Wet 5 7 71 153 71.4 152.8
2. Hawaii Dry 5 6 104 115 113.8 116.0
3. North ITCZ 6 7 71 116 68.8 139.1
4. North Australia 6 6 107 106 113.1 109.7
5. East Australia 7 7 107 116 107.3 117.9
6. New Guinea 6 6 100 82 106.3 113.5
Islands
7. Central Pacific 5 5 117 89 124.3 116.9
8. Pitcairn 2 2 58 84 95.9 1141
9. SW Fr. Polynesia 5 8 80 117 88.2 110.8
10. Northern Fiji 8 8 97 102 87.1 115.1
11. South SPCZ 5 7 83 120 88.1 138.8
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TABLE 5. Correlation coefficients for TPI/PDO and annual standardized precipitation
(columns 2-3). Median drought duration and drought magnitude for the TPI/PDO

negative phases (1951-1977, 1999-2010) and TPI/PDO positive phase (1978-1998,

columns 4-7). Correlation coefficients and medians differences statistically significant

at the 95% level are presented in italics.

Cluster TPI | PDO | DD | DD | DM | DM

IPO | IPO | IPO | IPO

-ve | +ve | -ve | +ve

1 2 3 4 5 6 7

1. Hawaii Wet -0.39 | -0.58 | 15| 12 | 15.8| 10.8
2. Hawaii Dry -0.04 | -0.23 | 14 | 16 | 146 | 14.7
3. North ITCZ -0.72 | -0.81 | 11 | 16 | 122 | 21.7
4. North Australia -0.35 | -0.08 | 14 | 13 | 16.9|12.9
5. East Australia -0.26 | -0.08 | 13 | 12 | 134|119
6. New Guinealslands | -0.32 | -0.30 | 13 | 14 [16.5|22.7
7. Central Pacific +0.96 | +0.92| 19 | 15 | 21.7 | 16.5
8. Pitcairn Islands -0.22 | -044 | 29 | 42 |47.9|57.0
9. SW Fr. Polynesia +0.10 | -0.15 | 19 9 [16.0| 9.2
10. Northern Fiji -0.22 | -0.37 | 9 13 | 9.2 [17.6
11. South SPCZ -0.95 | -085| 11 | 13 | 12.0| 19.5
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TABLE A1. Spearman rank correlation coefficients demonstrating the strength of the

relationship between annual NINO3.4 SSTA and annual precipitation (lag-0) and

NINO3.4 SSTA and annual precipitation lagged by a year (lag-1) on a station scale.

No. | Name Longitude | Latitude | Cluster | Lag-0 | Lag-1
1 Paauilo 221 20.1°N 155.4°W | 1 0.36 |0.13

2 Hilo Int. Apt. 19.7°N 155.1°W | 1 0.11 |-0.23
3 Hawaii Vol. Nat. Park. HQ. | 19.4°N 155.3°W | 1 -0.13 | -0.35
4 Lanihau 68.2 19.7°N 156.0°W | 1 -0.16 | -0.48
5 Honaunau 27 19.4°N 155.9°W | 1 -0.07 |-0.19
6 Hamakuapoko 485 20.9°N 156.4°W | 1 0.17 |-0.08
7 Kailua 446 20.9°N 156.2°W | 1 -0.06 |-0.19
8 Haleakala Ranger Stat. 338 | 20.8°N 156.3°W | 1 0.10 |-0.23
9 Pauoa Flats 784 21.4°N 157.8°W | 1 0.10 |-0.09
10 | PH Wainiha 1115 22.2°N 159.6°W | 1 -0.02 |-0.21

11 | Naalehu 14 19.1°N 155.6°W | 2 -0.14 |-0.15
12 | Waihee Valley 482 20.9°N 156.5°W | 2 0.15 |-0.18
13 | Puunene 396 20.9°N 156.5°W | 2 0.12 |-0.20
14 | Keahua 410 20.9°N 156.4°W | 2 0.28 |-0.08
15 | Kihei 311 20.8°N 156.4°W | 2 0.05 |-0.24
16 | Moanalua 770 21.4°N 157.9°W | 2 0.10 |-0.30
17 | Honolulu Int. Apt. 21.3°N 157.9°W | 2 0.05 |-0.34
18 | Punchbowl Crater 709 21.3°N 157.9°W | 2 0.04 |0.07

19 | Wilhelmina Rise 721 21.3°N 157.8°W | 2 0.28 |-0.16
20 | Waianae 798 21.4°N 158.2°W | 2 -0.08 | -0.31
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No. | Name Longitude | Latitude | Cluster | Lag-0 | Lag-1
21 | Waimea 947 22.0°N 159.7°W | 2 0.05 |-0.44
22 | Makaweli 945 21.9°N 159.6°W | 2 0.03 |-0.40
23 | Eleele 927 21.9°N 159.6°W | 2 -0.07 |-0.27
24 | Lihue WSO Apt. 22.0°N 159.4°W | 2 -0.02 |-0.28
25 | Koror 7.3°N 134.5°E | 3a -0.32 | -0.34
26 |Yap 9.5°N 138.1°E | 3a -0.48 | -0.50
27 | Chuuk 7.5°N 151.8°E | 3a -0.40 | -0.38
28 | Pohnpei 7.0°N 158.2°E | 3a -0.17 | -0.54
29 | Saipan Int. Apt. 15.1°N 145.7°E | 3b -0.15 | -0.35
30 | Kwajalein 8.7°N 167.7°E | 3c -0.04 | -0.37
31 | Majuro 7.1°N 171.4°E | 3c -0.29 | -0.48
32 | Kimberley Res. Stat. 15.7°S 128.7°E | 4a -0.21 | -0.07
33 | Darwin Apt. 12.4°S 130.9°E | 4a -0.11 | 0.01

34 | Brunette Downs 18.6°S 136.0°E | 4a -0.36 | -0.27
35 | Tennant Creek Apt. 19.6°S 134.2°E | 4a -0.05 |-0.20
36 | Burketown P.O. 17.7°S 139.6°E | 4a -0.37 |-0.10
37 | Lorraine 19.0°S 139.9°E | 4a -0.20 |-0.22
38 | Alice Springs Apt. 23.8°S 133.9°E | 4a -0.19 | -0.15
39 | Urandangi 21.6°S 138.3°E | 4a -0.26 |-0.24
40 | Richmond P.O. 20.7°S 143.1°E | 4a -0.46 | -0.30
41 | Townsville Aero 19.3°S 146.8°E | 4a -0.31 | -0.31
42 | Woodhouse 19.8°S 147.1°E | 4a -0.29 | -0.33
43 | Pleystowe Sugar Mill 21.1°S 149.0°E | 4a -0.39 |-0.28
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No. | Name Longitude | Latitude | Cluster | Lag-0 | Lag-1
44 | Tibooburra P.O. 29.4°S 142.0°E | 4a -0.39 | -0.17
45 | Willis Is. 16.3°S 150.0°E | 4b -0.17 |-0.12
46 | Coen P.O. 13.9°S 143.2°E | 4b -0.35 | -0.08
47 | Palmerville 16.0°S 1441°E | 4b -0.45 | -0.18
48 | Mossman South 16.5°S 145.4°E | 4b -0.25 |-0.18
49 | Cairns Aero. 16.9°S 145.8°E | 4b -0.29 | -0.27
50 | Harrisville P.O. 27.8°S 152.7°E | 5a -0.48 | -0.02
51 | Yamba Pilot Stat. 29.4°S 153.4°E | 5a -0.26 | -0.01
52 | Lorne (Lorne Rd.) 31.7°S 152.6°E | 5a -0.41 | -0.20
53 | Barcaldine P.O. 23.6°S 145.3°E | 5b -0.34 |-0.13
54 | Rockley 23.8°S 150.6°E | 5b -0.45 | -0.13
55 | Windorah P.O. 25.4°S 142.7°E | 5b -0.33 | -0.21
56 | Taroom P.O. 25.7°S 149.8°E | 5b -0.38 | 0.16
57 | Gin Gin P.O. 25.0°S 152.0°E | 5b -0.45 | 0.05
58 | Whynot 26.7°S 143.9°E | 5b -0.54 | -0.28
59 | Surat 27.2°S 149.1°E | 5b -0.43 |0.25
60 | Jandowae P.O. 26.8°S 151.1°E | 5b -0.32 1 0.13
61 | Cunnamulla P.O. 28.1°S 145.7°E | 5b -0.42 | -0.03
62 | Collarenebri 29.6°S 148.6°E | 5b -0.32 | 0.06
63 | Wallangra Stat. 29.2°S 150.9°E | 5b -0.33 |0.20
64 | Barraba P.O. 30.4°S 150.6°E | 5b -0.40 |0.08
65 | Nyngan 31.9°S 147.1°E | 5b -0.41 | 0.06
66 | Momote W.O. 2.1°S 147.4°E | 6 0.01 |0.19
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No. | Name Longitude | Latitude | Cluster | Lag-0 | Lag-1
67 | Nauru Arc-2 0.5°S 166.9°E | 7a 0.78 |-0.06
68 | Butaritari 3.0°N 172.8°E | 7a 0.68 |-0.04
69 | Tarawa 1.4°N 172.9°E | 7a 0.82 |0.01
70 | Kiritimati 2.0°N 157.5°W | 7a 0.70 |0.07
71 | Nanumea 5.7°S 176.1°E | 7b 0.71 |0.52
72 | Funafuti 8.5°S 179.2°E | 7b 0.38 | 0.58
73 | Penrhyn 9.0°S 158.1°W | 7b 0.53 | 0.60
74 | Atuona 9.8°S 139.0°W | 7b 0.33 | 0.49
75 | Takaroa 14.5°S 145.0°W | 7b 0.43 | 0.41
76 | Pitcairn 25.1°S 130.1°W | 8 0.07 |-0.04
77 | Tahitii-Faaa 17.6°S 149.6°W | 9 -0.05 | 0.12
78 | Rapa 27.6°S 144.3°W | 9 -0.07 |-0.11
79 | Rotuma 12.5°S 177.1°E | 10 0.09 |0.10
80 | Wewak W.O. 3.6°S 143.7°E | 11a -0.64 | 0.05
81 | Madang W.O. 5.2°S 145.8°E | 11a -0.59 | -0.11
82 | Lord Howe Is. Aero 31.5°S 159.1°E | 11b -0.42 | 0.10
83 | Norfolk Is. Aero 29°S 167.9°E | 11b -0.52 1 0.18
84 | Raoulls. 29.3°S 177.9°W | 11b -0.57 | -0.12
85 | Apia 13.8°S 171.8°W | 11c -0.50 |-0.09
86 | Keppel 16.0°S 173.8°W | 11c -0.31 | -0.01
87 | Hanan Airport 19.1°S 169.9°W | 11c -0.33 | -0.16
88 | Rarotonga 21.2°S 159.8°W | 11c -0.60 |-0.02
89 | Port Moresby 9.4°S 147.2°E | 11d -0.54 | -0.37
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No. | Name Longitude | Latitude | Cluster | Lag-0 | Lag-1
90 | Misima W.O. 10.7°S 152.8°E | 11d -0.61 | -0.43
91 | Honiara 9.4°S 160.0°E | 11d -0.29 | -0.26
92 | Sola (Vanua Lava) 13.9°S 167.6°E | 11d -0.42 | -0.36
93 | Bauerfield (Efate) 17.7°S 168.3°E | 11d -0.62 | -0.33
94 | Aneityum 20.2°S 169.8°E | 11d -0.62 | -0.37
95 | Chepenehe 20.8°S 167.2°E | 11d -0.54 | -0.15
96 | Koumac 20.6°S 164.3°E | 11d -0.44 | -0.39
97 | Kone 21.1°S 164.8°E | 11d -0.61 | -0.31
98 | Houailou P. 21.3°S 165.6°E | 11d -0.45 | -0.15
99 | Bourall 21.6°S 165.5°E | 11d -0.54 | -0.25
100 | La Tontouta 22.0°S 166.2°E | 11d -0.62 | -0.25
101 | Noumea 22.3°S 166.5°E | 11d -0.46 | -0.35
102 | Udu Point 16.1°S 180.0 11d -0.52 | -0.43
103 | Nabouwalu 17.0°S 178.7°E | 11d -0.63 | -0.54
104 | Penang Mill 17.4°S 178.2°E | 11d -0.56 | -0.51
105 | Nadi Apt. 17.8°S 177.5°E | 11d -0.59 | -0.43
106 | Nausori Apt. 18.1°S 178.6°E | 11d -0.48 | -0.23
107 | Suva 18.2°S 178.5°E | 11d -0.41 | -0.39
108 | Vunisea 19.1°S 178.2°E | 11d -0.59 | -0.36
109 | Lakeba 18.2°S 178.8°W | 11d -0.48 | -0.60
110 | Ono-i-Lau 20.7°S 178.7°W | 11d -0.52 | -0.45
111 | Lupepau'u 18.6°S 174.0°W | 11d -0.55 | -0.39
112 | Haapai 19.8°S 174.4°W | 11d -0.46 | -0.53
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FiGg. 1. Map of the Pacific and northeast Australia region showing the study region
and station locations. Station numbers are associated with station names in Table

A1.

Fic. 2. Schematic of circulation in the Pacific. From Australian Bureau of

Meteorology, CSIRO. 2011.

FiG. 3. Linear drought trends the period 1951-2010 (a) drought frequency, (b) total
drought duration, and (c) and total drought magnitude. Filled triangles represent

trends significant at the 95% level.

FiG. 4. Mean decadal total drought duration and total drought magnitude 1951-2010

for the selected Hawaiian stations (a) TDD (b) TDM.

FiG. 5. Drought hot spots on decadal time-scales 1951-2010. Numbers in

parentheses refer to the number of stations for the respective decade.

FiG. 6. Pacific Islands and northeast Australian coherent annual rainfall subregions

as defined by cluster analysis.
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1157  Fi1G. 1. Map of the Pacific and northeast Australia region showing the study region
1158 and station locations. Station numbers are associated with station names in Table

1159 A1,
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CSIRO (2011).
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Drought Magnitude
(c] Units: 5P1 units per month
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1170  FiG. 3. Linear drought trends the period 1951-2010 (a) drought frequency, (b) total
1171 drought duration, and (c) and total drought magnitude. Filled triangles represent

1172  trends significant at the 95% level.
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FiG. 4. Mean decadal total drought duration and total drought magnitude 1951-2010

for the selected Hawaiian stations (a) TDD (b) TDM.
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FiG. 5. Drought hot spots on decadal time-scales 1951-2010. Numbers in

parentheses refer to the number of stations for the respective decade.
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FiG. 6. Pacific Islands and northeast Australian coherent annual rainfall subregions

as defined by cluster analysis.

56



