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Abstract The present article investigates drought events in
New Zealand through the application of the SPI at various
timescales (3, 6, 12 and 24 months). First, a temporal
analysis has been performed, and the most severe dry
episodes have been detected. Then, the spatial distribution
of the percentage of data falling within the different level
of drought has been evaluated. In addition, a trend analysis
has been conducted at seasonal scale, considering the wet
and the dry seasons, and at annual scale. Finally, the
relationship between drought and ENSO has been investi-
gated. Results show that, in every area currently subject to
drought, an increase in this phenomenon can be expected.
Specifically, the results of this paper highlight that agri-
cultural regions on the Eastern side, such as the Canterbury
Plains, are the most consistently vulnerable areas, as well
as other regions in the North Island, including primary
industry regions like Waikato. Moreover, a clear link
between drought and the two phases of the ENSO has been
detected.
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Introduction

In the last decade, climate change and its negative impacts
on ecosystems, agriculture, water supply and management,
human welfare and regional political stability drew
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considerable international attention due to the increase of
phenomena such as flood, heat waves, forest fires and
droughts (Estrela and Vargas 2012). In this context,
research on regional and local scale changing patterns of
precipitation is paramount for the assessment of hydro-
logical extremes (Huang et al. 2015). For example, fol-
lowing precipitation and/or evapotranspiration variability
which, recently, have been evidenced worldwide (IPCC
2013), drought is expected to become more frequent in the
twenty-first century in some seasons and areas.
Meteorological drought consists of temporary lower-
than-average precipitation and results in diminished water
resources availability and carrying capacity of the ecosys-
tems (Tabari et al. 2012) which impact on economic
activities, human lives and the environment (Bayissa et al.
2015). In recent years, several researchers have analysed
drought events in several parts of the world (e.g. Bordi
et al. 2009; Minetti et al. 2010; Feng et al. 2011; Hannaford
et al. 2011; Fang et al. 2013; Hua et al. 2013; Buttafuoco
and Caloiero 2014; Sirangelo et al. 2015, 2017), even
though drought phenomena are difficult to detect and
monitor due to their complex nature. Usually, drought
severity is evaluated by means of drought indices (Wilhite
et al. 2000; Tsakiris et al. 2007). Among these indices, the
standardized precipitation index (SPI; McKee et al.
1993, 1995) has found widespread application worldwide
because it can be evaluated for different timescales and
allows the analysis of different drought categories. For this
reasons, the SPI is considered to be one of the most robust
and effective drought indices (Capra and Scicolone 2012).
Moreover, the evaluation of the SPI requires only precip-
itation data, making it easier to calculate than more com-
plex indices, and allows the comparison of drought
conditions in different regions and for different time
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periods (Wu et al. 2005; Vicente-Serrano 2006; Buttafuoco
et al. 2015; Caloiero et al. 2016).

Since agriculture is one of the largest sectors of the
tradable economy, a period of drought in New Zealand can
have significant ecological, social and economic impacts
(Palmer et al. 2015). In fact, New Zealand experiences
rainfall deficits and short duration of dry spells which are
not as unusual as isolated drought events at regional level.
For example, the widespread drought event which affected
New Zealand from late 2007 to the end of autumn 2008,
caused damages of about 2.8 billion of New Zealand dol-
lars (MAF 2009). The 2013 drought in New Zealand was
estimated to have caused the Gross Domestic Product
(GDP) to fall by 0.6% (Kamber et al. 2013). Regional
scenarios of drought in New Zealand evidenced an increase
in drought trend during this century in all the areas that are
presently subject to drought (Mullan et al. 2005). Fur-
thermore, based on the latest climate and impact modelling,
more droughts could be expected in the future in some
locations such as the agricultural regions on the Eastern
coast and, particularly, the Canterbury Plains, as well as
Northland (Clark et al. 2011).

In this study, drought events in New Zealand have been
evaluated using the SPI at various timescales (3, 6, 12 and
24 months). This study aims to identify the most severe
drought events which affected New Zealand, to analyse the
evolution of the drought episodes through the identification
of the SPI trend at different timescales in the period
1951-2012 and to investigate the possible relationship
between drought and the El Nifio-Southern Oscillation
(ENSO).

Study area and data

New Zealand is located at 34°10'50” to 46°55'50"S in the
Southern Hemisphere, 2500 km east of the Australian
continent. Its two islands have a rather elongated shape,
1930 km from north to south, and a maximum width of
400 km, comprising a total surface of about 270,000 km?.
Mountain ranges reach an altitude of 3724 m (Fig. 1). New
Zealand weather reflects the one of other similar locations
in those latitudes (Garnier 1950; Dravitzki and McGregor
2011). Its climatic conditions are mainly influenced by
some physical factors (Oliver 2005). Firstly, the oceans
surrounding New Zealand affect air circulation and sea-
sonal climate. Air masses from the tropical zones of the
Pacific cause the weather to be considerably humid and
with temperatures ranging between 18 and 21 °C. Instead,
oceanic currents from Antarctica are responsible for colder
temperatures between 7 and 13 °C and high rainfall
amounts. Consequently, New Zealand generally presents
cool summers and mild winters; however, cold air from
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Antarctica is also responsible for occasional snow and
frost. Therefore, the presence of the ocean results in fresh
summers and mild winters, although snow and frost are
likely to occur as a consequence of cold air coming from
Antarctica.

The mountains crossing both the North Island and the
South Island to the west is the second factor impacting on
air circulation and determining New Zealand climate
(Griffiths 2011; Jiang et al. 2013). The 750-km-long, over
3000-m-high Southern Alps traversing the South Island
constitute a barrier against air flows coming in from the
south—south-west direction (Tomlinson 1976). Specifically,
they block the air that would flow upstream, producing lee
troughs on the downwind side as a consequence of their
dynamic uplift and vertical mixing on the upwind edge.
Considerable differences in the rainfall amounts can occur
over the short distance between the windward mountain
slopes and the rain shadows a few kilometres eastward.

Finally, the nearby Australian continental landmass
influences New Zealand’s seasonal climate, since the for-
mer’s eastern land/sea boundary presents a cyclogenesis
region which moves towards the Tasman sea (Trenberth
1991; Sinclair 1994, 1995a, b). Very large spatial differ-
ences in precipitation can occur over the short distance
(Trenberth 1991; Sinclair 1994, 1995a, b). Clear sky in
winter leads to considerable surface cooling which, in turn,
results in stable lower atmospheric conditions. By contrast,
in the summer, large convective hot air masses coming
from Australia cause robust airflows which persistently
affect New Zealand (Oliver 2005).

A thorough analysis of New Zealand’s climate on both
islands had been carried out, and its results were published
by The National Institute of Water and Atmosphere
Research (NIWA) of New Zealand (NIWA 2013).
According to NIWA, the North Island is a subtropical area
characterised by warm humid summers and mild winters.
Winter presents the highest degree of climatic instability
and is the rainiest period of the year. Tropical storms occur
in summer and autumn with high winds and severe pre-
cipitation. Stable, dry and warm summers are typical of the
Central region of the North Island, whereas unstable cool
winters occur. In the south-western part of the North
Island, weather is generally more stable in summer and at
the beginning of autumn; summers are usually warm, while
winters are not very cold. The eastern North Island area
presents a dry, sunny climate and warm dry settled summer
weather. Heavy rainfall can occur from the east or the
south-east (NIWA 2013). As regards the South Island, its
northern part is the sunniest region in New Zealand with
summers characterised by warm dry and stable weather.
Although extreme yearly precipitation is considerably
higher than average, the Western South Island area may
experience occasional dry spells towards the end of the
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Fig. 1 Location of the selected IR
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summer and in the winter months, while intense precipi-
tation from the north-west is present. The climate of the
Eastern and Inland areas of the South Island is influenced
by the Southern Alps. In particular, long periods of dryness
characterise the summer season in this area, which also
presents low mean annual rainfall. Overall, the majority of
the Southern New Zealand area is traversed by unsettled
weather coming from the south and south-west across the
sea and experiences cool coastal breezes (NIWA 2013).
In order to carry out a SPI analysis at different time-
scales, the New Zealand National Climate database of the
National Institute of Water and Atmospheric Research
(NIWA) has been selected. Several studies on New Zeal-
and’s climate (Salinger and Mullan 1999; Griffiths et al.
2003; Dravitzki and McGregor 2011; Caloiero 2014, 2017)
made extensive use of this database, which presents high-
quality data and complete, or near-complete, records for
the period 1951-2012. Until 2012, the New Zealand
National Climate database consisted of measurements
collected at 3011 stations, with a density of 1 station per
89 km®. In particular, for the present analysis, the monthly
rainfall data were extracted and used, after performing
record error checks and metadata analyses for

inhomogeneities detection. Following these procedures, a
number of station series, which presented either low-
quality records or too low a number of years of observation
for statistical purposes (<50 available years of data), were
discarded. The series ending before 2010 and those
showing more than 5% of data lacking were also discarded.
Thus, the final selection included 294 series longer than
50 years with a density of 1 station per 913 km?* (Fig. 1).

Methodology

In this study, dry and wet periods were evaluated using the
SPI at different timescale (3, 6, 12 and 24 months). In fact,
while the 3- and 6-month SPI describe droughts that affect
plant life and farming, the 12- and 24-month SPI influence
the way water supply/reserves are managed (Edwards and
McKee 1997; Bonaccorso et al. 2003). Angelidis et al.
(2012) offered a meticulous description of the method to
compute the SPI.

In order to compute the index, for each timescale and for
each location in space, an appropriate probability density
function (PDF) must be fitted to the frequency distribution
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of the cumulated precipitation. In particular, a gamma
function is considered. The shape and the scale parameters
must be estimated for each month of the year and for each
time aggregation, for example by using the approximation
of Thom (1958).

Since the gamma distribution is undefined for a rainfall
amount x = 0, in order to take into account the zero values
that occur in a sample set, a modified CDF must be
considered:

H(x) = g+ (1 —q) G(x) (1)

with G(x) the cumulative distribution function (CDF), ¢ the
probability of zero precipitation, given by the ratio between
the number of zero in the rainfall series () and the number
of observations (7).

Finally, the CDF is changed into the standard normal
distribution by using, for example, the approximate con-
version provided by Abramowitz and Stegun (1965):

co +cit + cof?
=SPl=—(1—
¢ ( 1 +dit+dr? +d3r3)’

; 2)
t= ln<72> for 0<H(x)<0.5
(H(x))
C0+C1I+C2l2
—SPI=+(1—
¢=S5 +(t 1+d1t+dzt2+d3t3)’
: G)
t=,|In| ——— | for0.5<H(x)<lI
(I - H(x))

with ¢, ¢y, ¢2, d;, d> and d3 mathematical constants.

Table 1 reports the climatic classification according to
the SPI, provided by the National Drought Mitigation
Center. This index is now habitually used in the classifi-
cation of wet periods, even though the original classifica-
tion provided by McKee et al. (1993) was limited to
drought periods only.

In order to evaluate the possible existence of temporal
tendencies, the SPI series were analysed for trends with the

Table 1 Climate classification according to the SPI values

SPI value Class Probability (%)
SPI > 2.0 Extremely wet 2.3
1.5 <SPI <20 Severely wet 44
1.0 <SPI< 1.5 Moderately wet 9.2
00<SPI<1.0 Mildly wet 34.1
—1.0 < SPI < 0.0 Mild drought 34.1
—15<SPI<-1.0 Moderate drought 9.2
—20<SPI<-1.5 Severe drought 44
SPI < -2.0 Extreme drought 23
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well-known Mann—Kendall (MK) nonparametric test
(Mann 1945; Kendall 1962). For specified significance
levels o (90-95-99%), the statistical significance of the
trend has been evaluated using a two-tailed test.

Finally, the connections between drought and large-
scale atmospheric patterns were investigated by means of
the Pearson’s product-moment coefficient applied to the
SPI values and the ENSO values in its phases (El Nifio and
La Nifia). In particular, El Nifio and La Nifia years were
identified using the Southern Oscillation Index (SOI),
which is a standardised index based on the observed sea
level pressure differences between Tahiti and Darwin
(Vicente-Serrano 2005). In general, smoothed time series
of the SOI correspond very well to changes in ocean
temperatures across the eastern tropical Pacific. The neg-
ative phase of the SOI represents below-normal air pressure
at Tahiti and above-normal air pressure at Darwin. Pro-
longed periods of negative (positive) SOI values coincide
with abnormally warm (cold) ocean waters across the
eastern tropical Pacific typical of El Nifio (La Nifia) epi-
sodes. The values of the climatic index used in the study
were provided by NOAA’s National Centers for Environ-
mental Information (NCEI). The statistical significance
(95%) of the regression was checked by using the two-
tailed test of the Student’s #-distribution by evaluating the
probability of rejecting the null hypothesis regarding the
absence of any relationship for the values of ¢ with (N-2)
degrees of freedom.

Results and discussion

The analysis allowed the computation of the SPI at various
temporal scales and subsequently the identification of
numerous dry episodes for the 294 rain gauges. Figure 2
shows the temporal distribution, for the period 1951-2012,
of the percentage of rain gauges that can be classified as
Severe or Extreme Dry conditions (SED: SPI < —1.5) and
allows to immediately detect the worst dry events. As
regards the 3- and 6-month SPI, the twentieth century has
been characterised by numerous dry periods. One of the
first drought events took place in 1958 with more than 40
and 60% of the rain gauges showing SED, respectively, for
the 3-month and the 6-month timescales. Within the 3- and
6-month intervals, another significant occurrence dates
back to 1969, with about 45% (3 month) and 50%
(6 month) of the rain gauges presenting SED. Dry condi-
tions were also present in the year 1973 for both the 3- and
the 6-month SPI with 40% plus rain gauges affected by
SED. In the twenty-first century, the worst drought events
have been detected in 2001, in particular for the 3-month
SPI with almost 60% of the rain gauges presenting SED,
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Fig. 2 Temporal distribution of the percentage of rain gauges which fell within severe or extreme dry conditions (SPI < —1.5)

and in 2007, for the 6-month SPI with almost 40% of the
rain gauges presenting SED.

The 12- and 24-month SPI (Fig. 2) and the 3- and
6-month SPI clearly behave in a different way. Specifi-
cally, the main drought events, for both the 12-month and
the 24-month timescales, occurred after 1970. Only in
1969, significant SPI values have been evaluated, with SED
involving about 40% of the rain gauges. Since the 1970s,
various drought episodes were registered, such as the
extremely severe and prolonged drought event detected
between 1982 and 1984. During this time, the 12-month
SPI evidences 13 straight months of SED with about 40%
of the rain gauges. As to what concerns the SPI over a
24-month period, 18 consecutive months present SED in an
area ranging from 20% to almost 45% of the rain gauges,
for the same time period. Remarkable events have been
also observed in 1973 and 1989 even though with a dif-
ferent behaviour. In fact, while the first is the most diffuse
event for the 12-month SPI, with more than 60% of the rain
gauges showing SED, the second event was particular
relevant for the 24-month SPI with almost 40% of the rain
gauges presenting SED.

In Fig. 3, the spatial distribution of the percentage of
data falling within the different levels of drought is pre-
sented. While for the 3- and the 6-month SPI only few
areas of New Zealand showed high percentage of drought

data, the 12- and the 24-month SPI evidenced wide areas
affected by drought. These areas are mainly located in the
central-east side of both the Islands. As a result, drought in
New Zealand seems to be more related with water resource
management problems than with problems deriving from
vegetation and agricultural practices.

In order to detect drought temporal evolution in the
period 1951-2012, the 294 series were tested for trend
through the Mann—Kendall test. In particular, the trend
analysis has been conducted at seasonal scale (February/
Summer, May/Autumn, August/Winter and November/
Spring SPI-3), considering the wet and the dry seasons
(February and August SPI-6) and at annual scale (De-
cember SPI-12 and SPI-24 series). At seasonal scale
(Fig. 4), a negative SPI values trend occurred in summer
and autumn, with more than 15% and about 40% of the rain
gauges showing a negative trend (significant level
SL = 90%) in summer and in autumn, respectively.
Moreover, considering a SL. = 95%, more than 20% of the
rain gauges presented a negative trend of the SPI in
autumn. By contrast, in winter and spring, a positive SPI
trend, more marked in spring, has been detected, involving
about 10% and about 20% of the rain gauges (SL = 90%).
From a spatial point of view, in summer and autumn, a
clear negative trend has been detected in the eastern side of
both the Islands. In particular, as to what concerns the
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«Fig. 3 Spatial distribution of the percentage of monthly data falling
within the different level of drought

summer period, the negative trend mainly involved the
Canterbury, and the Nelson—Marlborough areas, while a
positive trend has been identified in the Otago and the
Westland areas (Fig. 4).

The marked SPI trend evaluated in spring and autumn
highly impacts on the 6-month SPI trend detected in the dry

and in the wet season (Fig. 5). In fact, the dry season
(February SPI-6) showed similar percentage values of
positive and negative trend, while in the wet season a
predominant negative trend can be observed. Specifically,
in the dry season, almost 15% of the rain gauges presented
a positive trend (significant level SL = 90%) while about
10% of the rain gauges showed a negative trend. Con-
versely, in the wet period, more than 22% and about 14%
of the rain gauges showed a negative trend with SL = 90%
and SL = 95%, respectively. The negative trends detected
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in the dry season are located in the Canterbury region, in
the South Island, and in the East Cape and Bay of Plenty
regions, in the North Island, while the positive trends have
been mainly identified in the Otago, Southland and Nel-
son—Marlborough regions and in the south-western side of
the North Island (Fig. 5).

Finally, at annual scale, a prevalent negative trend can
be observed both for the 12-month and for the 24-month
SPI (Fig. 6). In fact, as regards the 12-month SPI, 19% and
more than 10% of the rain gauges showed a negative trend,
respectively, for a SL = 90% and a SL = 95%. Similarly,
for the 24-month SPI, more than 21% (significant level
SL = 90%) and about 16% (significant level SL = 95%)
of the rain gauges evidenced a negative trend. For both the
12-month and the 24-month SPI, the negative trend has
been mainly detected in the Canterbury region and in the
eastern side of the Nelson—-Marlborough region, in the
South Island, and in the Wanganui-Manawatu, East Cape,
Hawke’s Bay and Bay of Plenty regions, in the North
Island. Instead, a positive trend has been evaluated in the
Otago, Southland and Westland regions, in the South
Island, and in the western side of the North Island (Fig. 6).

With the aim to assess the drought response to the global
circulation variability, a correlation analysis between
drought (at seasonal scale, considering the wet and the dry
seasons and at annual scale) and El Nino (Fig. 7) and La
Nina (Fig. 8) SOI phases was computed for each station.
As a result, a clear link existing between drought and the
two phases of the climatic index has been evidenced. In

@ Springer

particular, El Nifio impacts on drought especially during
summer, autumn and in the dry season, in the eastern side
of both islands (Fig. 7), while La Nifia influences drought
mainly along the coastal areas, and thus shows a lesser
influence than El Nifio (Fig. 8).

Current global level assessments suggest that droughts
are expected to both increase and decrease following future
climate change depending upon geographic location (Wang
2005). Based on the latest climate and impact modelling,
New Zealand can expect more droughts in the future in
some locations (Clark et al. 2011). As a result, this work
has evidenced an increase in drought trend in all the areas
that are presently subject to drought, supporting what has
been evidenced in past studies (Mullan et al. 2005). In fact,
the results of this paper confirm the geographic pattern of
change found by Mullan et al. (2005), which mainly
detected a drought increase in the future projections on the
East Coast and no change in drought projections for the
West Coast of the South Island. Specifically, as also evi-
denced by Clark et al. (2011), the results of this paper
highlight that key agricultural regions on the Eastern side
such as the Canterbury Plains are the most consistently
vulnerable areas, together with other regions in the North
Island, including key primary industry regions like Wai-
kato. Furthermore, this paper confirmed past studies which
evidenced that New Zealand’s climate is influenced by
modes of interannual and decadal-scale variability such as
the ENSO. In fact, according to several authors (e.g. Sal-
inger and Mullan 1999; Salinger et al. 1995; Griffiths et al.
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2003; Griffiths 2007; Ackerley et al. 2012), negative phases
of ENSO result in more frequent and stronger westerly and
south-westerly winds over New Zealand, which lead to
increased precipitation in the west and reduced precipita-
tion in the east, whereas positive phases of ENSO result in
increased northerly and easterly winds and decreased pre-
cipitation in the west.

Conclusion

In this study, drought events in New Zealand have been
evaluated using the SPI at various timescales (3, 6, 12 and
24 months). First, a temporal analysis has been performed
and the worst dry events have been detected. As a result,
considering the 3- and 6-month SPI, several dry periods
have occurred during the last century. The oldest events
occurred in 1958, with more than 40% of the rain gauges
presenting SED, in 1969 (more than 45% of the rain gau-
ges) and in 1973 (more than 40% of the rain gauges). More
recently, in this century, the worst drought events have
been detected in 2001 and in 2007 with more than 60 and
40% of the rain gauges showing SED, respectively. The
12- and 24-month SPI evidenced a different behaviour
when compared to the 3- and 6-month SPI. In particular,
the most important drought events occurred after 1970;
among these two of the most severe and prolonged drought
events have been detected between 1982 and 1984 with 13
and 18 consecutive months with more than 40 and 45% of

the rain gauges, presenting SED for the 12-month and the
24-month SPI, respectively. Remarkable events have been
also observed in 1973 and 1989 with more than 60% (12-
month SPI) and almost 40% (24-month SPI) of the rain
gauges presenting SED respectively.

Subsequently, the spatial distribution of the percentage
of data falling within the different level of drought has been
presented. As a result, for the 3- and 6-month SPI only few
areas of New Zealand showed high percentage of drought
data, while the 12- and 24-month SPI evidenced wide areas
affected by drought mainly located in the central-east side
of both Islands.

In addition, a trend analysis has been conducted at
seasonal scale (February/Summer, May/Autumn, August/
Winter and November/Spring SPI-3), considering the wet
and the dry seasons (February and August SPI-6) and at
annual scale (December SPI-12 and SPI-24 series). At
seasonal scale, a negative trend of the SPI values in sum-
mer and autumn and a positive trend in winter and spring
have been detected. In particular, as to what concerns the
summer period, the negative trend mainly involved the
Canterbury, and the Nelson—Marlborough regions. Con-
sidering the 6-month SPI, in the dry season, similar per-
centage values of positive and negative trends have been
evaluated, while in the wet season, a predominant negative
trend can be observed. The negative trends detected in the
dry season are located in the Canterbury region, in the
South Island, in the East Cape and Bay of Plenty regions
and in the North Island, while the positive trends have been

@ Springer
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Fig. 7 Correlation between SPI
and El Nifio values. For each
rain gauge, the significance of
the correlation coefficient is
evidenced through a different
colour
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Fig. 8 Correlation between SPI
and La Nifia values. For each
rain gauge, the significance of
the correlation coefficient is
evidenced through a different
colour
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mainly identified in the Otago, Southland and Nelson—
Marlborough regions and in the south-western side of the
North Island. At annual scale, a prevalent negative trend
can be observed for both the 12-month and the 24-month
SPI especially in the Canterbury region and in the eastern
side of the Nelson—Marlborough region, in the South
Island, and in the Wanganui-Manawatu, East Cape,
Hawke’s Bay and Bay of Plenty regions, in the North
Island.

Finally, the drought response to the global circulation
variability has been evaluated through a correlation anal-
ysis between drought and the SOI phases. As a result, a
clear link existing between drought and the two phases of
the climatic index has been evidenced, with El Nifio
impacting on drought in particular during summer, autumn
and in the dry season, in the eastern side of both the islands
and with La Nifia influencing drought mainly along the
coastal areas.

Since drought episodes can severely impact on water
resources and their uses, the findings presented in this
work, with the identification of the most consistently vul-
nerable areas, can be useful to plan and manage water
supply for household, farming and industrial uses.
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