Journal of Hydrology (NZ) 56 (1): 13-30 2017
© New Zealand Hydrological Society (2017)

A copula-based analysis of severity-duration-frequency of
droughts in six climatic regions of New Zealand
Shailesh Kumar Singh,1 Alejandro Chamorro,2 M.S. Srinivasan1
and Lutz Breuer2, 3
1
2

3

National Institute of Water and Atmospheric Research Ltd, Christchurch,
New Zealand. Corresponding author: Shailesh.Singh@niwa.co.nz
Institute for Landscape Ecology and Resources Management,
Research Centre for BioSystems, Land Use and Nutrition,
Justus Liebig University Giessen, Heinrich-Buff-Ring 26, 35390 Giessen, Germany
Centre for International Development and Environmental Research,
Justus Liebig University Giessen, Senckenbergstraße 3, 35392 Giessen, Germany

Abstract
Drought is a multi-attribute hazard that
impacts environment and economy, both
during and after the event. Drought can be
characterised by its severity (S), duration
(D) and frequency (F). Drought severity
and duration are commonly defined
using measures such as the Standardized
Precipitation Index (SPI). The objectives
of this study were to model the joint
severity-duration distribution using a nonparametric density estimator and combine
this distribution with frequency to derive
drought SDF curves. We used a copula to
model the joint drought duration-severity
distribution and frequency to generate SDF
curves for six locations in different climatic
regions (three locations in the North Island
and three locations in the South Island) of
New Zealand. The copula model was fitted
to drought duration and severity by means
of a bivariate beta kernel-based function.
Based on this bivariate-fitted model for
duration and severity, drought SDF curves
for various recurrence intervals were derived.
The observed interdependence structure
between severity and duration suggested a

bivariate model was appropriate to use for
drought analysis. We found that North Island
locations experienced more dry spells than
the South Island locations. The SDF curves
developed for the six locations in the study
provide a comprehensive understanding of
occurrence and duration of dry conditions,
and can be a useful tool for natural resource
managers in developing short and longterm drought mitigation strategies for water
management and conservation.
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Introduction
Drought is an extreme and recurring climatic
phenomenon that plagues civilization due to
its negative impacts (Shiau, 2006). Droughts
are a complex, multi-attribute hazard, which
have serious impacts on environment,
economy and society, both during and
after the event. Drought can occur in any
climatic zone, including high and low rainfall
areas (Chen et al., 2012). Compared to
other natural hazards, drought caused the
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greatest economic loss to New Zealand
during 2012-2013 (Kamber et al., 2013),
when New Zealand suffered its worst
drought in many decades and a drought zone
was declared over the entire North Island
and parts of the South Island. During this
period, the measures of soil moisture deficit
were at their highest since the 1970s (Kamber
et al., 2013).
Drought can be defined from various
perspectives. Generally, the definitions of
drought reflect differences in needs and
disciplinary approaches. For example,
Wilhite and Glantz (1985) presented four
general categories of droughts, namely,
meteorological, hydrological, agricultural and
socioeconomic. Meteorological, hydrological
and agricultural droughts relate to physical
processes while socioeconomic drought
relates to the social and economic impacts
of drought on the society. Short-term
droughts generally impact water availability
in the vadose zone, thus directly impacting
agricultural production (Halwatura et al.,
2015), whereas a long-term drought could
impact recharge to groundwater and thus
availability of groundwater in the future.
One type of drought could lead to another.
If a meteorological drought persists for a
long time (over months), then it could result
in an agricultural drought. Meteorological
drought is usually expressed as a deficit in
precipitation compared to normal. Thus,
meteorological droughts are region-specific
since the atmospheric conditions that result
in precipitation vary with region. For New
Zealand conditions, Mosley and Pearson
(1997) defined meteorological drought as a
period of 15 or more consecutive days with
precipitation less than 0.1 mm per day.
Indices such as the Standardized
Precipitation Index (SPI), Standardized
Precipitation-Evapotranspiration Index,
Palmer Drought Severity Index and Crop
Moisture Index have been developed to assess
14

droughts (McKee et al., 1993; Palmer, 1965).
Among these, the Palmer Drought Severity
Index and the SPI are most commonly used.
In the present study, we adopted the SPI
to assess the occurrence of meteorological
droughts at six locations in different climatic
regions of New Zealand. The SPI has been
applied to monitor drought conditions over
a wide spectrum of time and regional scales
(Kangas and Brown, 2007; Mihajlović,
2006; Miller and Durnford, 2005; Naresh
Kumar et al., 2009; Patel et al., 2007). The
SPI quantifies precipitation deficit, which
ultimately could lead to agricultural and
hydrological droughts. The SPI is used
to quantify the precipitation deficit in
probability terms for multiple time scales
(Yusof et al., 2014). Moreover, the SPI
is based on precipitation alone, so that a
drought assessment is possible even if no
other meteo-hydrological measurements are
available. However, the weakness of SPIbased drought analysis is that it can only
quantify precipitation deficit based on data
used, and thus can change when the period of
records changes (Svoboda et al., 2012).
Duration and severity are two important
characteristics of extreme weather events
often used as design factors in water supply
and protection systems. Generally, drought
duration and severity are analysed separately
and modelled using different distributions.
Such separation may conceal the significant
association between them. Furthermore, an
identical family for marginal distributions
is needed for any bivariate models used in
hydrology and this situation is seldom met in
drought analysis.
A copula can be viewed as a function that
joins or couples a multivariate distribution
function to its one-dimensional marginal
distribution functions (Nelsen, 2003). A
copula provides flexibility as a dependence
function that joins the marginal distributions
together to express joint distribution without

sacrificing the properties of marginal
distributions (Chen and Goodwin, 2015).
Thus, copulas can be used to model the
association between drought duration and
severity independent of their marginal
distributions. In this study, a non-parametric
copula was used to eliminate any assumption
of a prior distribution function.
Intensity-Duration-Frequency (IDF)
curves for rainfall are widely used for
designing infrastructure and for estimating
the risk of hydraulic infrastructure failure.
Similarly, Severity-Duration-Frequency
(SDF) curves of drought distributions
could help to assess the risk of ecosystem
disturbance due to drought (Halwatura et al.,
2015). For planning purposes, one of the first
requirements is to describe the recurrence
interval of a particular drought event, which
can be derived from SDF curves. SDF curves
can also be used for other purposes such as
selection of planting time or design of storage
structures for irrigation. Halwatura et al.
(2015) applied drought SDF curves as a riskbased planning tool in rehabilitating postmine landscapes in Australia. Several other
examples of application of drought SDF
curves for mitigation of drought impact,
preparation of severity maps and joint
analysis of the spatial variability of drought
characteristics are available in the literature
(Dalezios et al., 2000; Janga Reddy and
Ganguli, 2012; Kim et al., 2011; Miller and
Durnford, 2005; Reddy and Singh, 2014;
Saghafian et al., 2003; Shiau and Modarres,
2009; Todisco et al., 2013).
In New Zealand, Sadeghi and Shamseldin
(2015) used the SPI at 20 rainfall monitoring
locations in the Hawkes Bay region (North
Island) to characterise drought events. They
found the estimated drought classes based on
SPI and the historically-recorded droughts in
the region were in good agreement. Fowler
and Adams (2004) studied droughts and
wet periods in Auckland, New Zealand, over

the 20th century and their relationship to
El Nino-Southern Oscillation weather
events. The occurrence of agricultural
droughts in the Ashburton area of the South
Island, New Zealand, was studied by Rickard
(1960). Salinger and Porteous (2014) studied
the patterns of droughts from 1941 to 2013
across New Zealand. Porteous and Mullan
(2013) studied the 2012-13 New Zealand
drought within a historical context, using
potential evaporation deficit as a measure
of drought, and reported that this was one
of the most extreme droughts on record.
Relative influence of the Interdecadal Pacific
Oscillation on drought occurrence and
severity was studied by Thompson (2006),
who modelled drought occurrence as Poisson
process. To the best of our knowledge, no
SDF curve-based investigation of droughts
has been carried out for New Zealand to date.
The aims of our study were to quantify
the severity, duration and frequency of
meteorological droughts at selected sites
across New Zealand, and to derive SDF
curves for those sites based on historical
precipitation records.

Methodology
Standardized Precipitation Index

SPI calculations are generally based on
long-term series of monthly or seasonal
precipitation data. In the current study,
based on World Meteorological Organisation
recommendation (Svoboda et al., 2012),
monthly precipitation time series were
used for calculating the SPI, using a
procedure described in McKee et al. (1993)
for quantifying meteorological drought.
To calculate the SPI using a long-term
precipitation record, a non-parametric
distribution Kernel Density Estimator was
fitted. This meant no prior assumption of
distribution function. A single bandwidth
parameter h was calculated by the likelihood
function. After fitting the distribution, the
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SPI was determined by normalising the
precipitation for a given site, as described in
McKee et al. (1993). A detailed description
of the SPI computational procedure can be
found in Edwards and McKee (1997; 2015)
and McKee et al. (1993).
The value of the SPI is indicative of dryness
or wetness. A positive SPI indicates that the
observed precipitation is above median (wet
condition), whereas a negative SPI indicates
precipitation is below median (dry/drought).
The wet and drought conditions are further
classified as shown in Table 1. A drought
event is defined as a period during which
the SPI is continuously below 0 (McKee et
al., 1993). In this paper, we term any event
with a negative SPI (SPI < 0) as drought, and
when SPI falls below -2 we term it as a severe
drought. Drought severity is quantified by
the cumulative SPI for the duration of a
drought, as in Equation 1:
D
S = – ∑ i=1
SPI(i)

(1)

where D is the drought duration (in this
case, months) and S is the drought severity.
Table 1 – SPI categories, based on McKee et al.
(1993)
SPI

Category

2 & above

Extremely wet

1.5 - 1.99

Very wet

1 - 1.49

Moderately wet

0 - 0.99

Wet

0

Normal

-0.99 - 0

Dry

−1.00 - −1.49

Moderately dry

−1.50 - −1.99

Moderately dry

−2.00 & below
Extremely dry*
* In the text, the ‘Extremely dry’ category is
referred to as an extreme drought event.
‘Dry’, ‘Moderately dry’ and ‘Severely dry’ are
referred to as ‘drought conditions’.
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Figure 1 – An example of duration and
severity of dry and wet events based on the
Standardized Precipitation Index (SPI)

Drought duration refers to the length of time
the SPI remains below 0 continuously. When
the SPI crosses 0 and becomes positive,
the drought is considered ‘broken’ and the
duration is reset to zero. Figure 1 illustrates
an example of a SPI time series indicating wet
and drought events.
Drought arrival rate

The drought arrival rate indicates the
frequency of drought events over a given
time. Frequently occurring droughts have
a high arrival rate and rare droughts have a
low arrival rate. In this study, the arrivals
rates were computed by dividing the number
of drought events by the number of years
of data used. A drought arrival rate does
not account for severity and duration but
the propensity of a site to experience dry
conditions over time.
Copula-based model for drought analysis

A copula is a multivariate probability
distribution for which the marginal
probability distribution of each variable is
uniform. Copulas are used to describe the
dependence between random variables.
Copulas are invariant to monotonic trans
formation of variables. For example, a
logarithmic transformation on one vari
able does not have an influence on the

copula. In hydrology and spatial statistics,
copulas have been frequently applied to
model groundwater quality, multivariate
dependence and financial risks (Bardossy,
2006; Bardossy and Li, 2008; Gebremichael
and Krajewski, 2007; Haslauer, 2011; Janga
Reddy and Ganguli, 2012; Rodriguez, 2007;
Schirmacher and Schirmacher, 2008; Xiong
et al., 2005). A variety of copulas exist:
Archimedean copulas (Frees and Valdez,
1998; Genest and Rivest, 1993), elliptical
copulas (Durante and Sempi, 2010) and
V-copula (Bardossy and Li, 2008). In this
study, a non-parametric copula was used to
link the univariate probability distribution of
drought duration and severity to construct a
joint distribution of drought duration and
severity.
Mathematically, based on Sklar (1959)
and Nelsen (2007), a copula can be described
as follows: If F1, F2….Fn (x1,x2,…xn) is
a multivariate distribution function of ‘n’
correlated random variables, X1, X2…
Xn with respective marginal distributions
F1(x),…Fn(xn), then it is possible to write
n-dimensional cumulative distribution
function with univariate margins, F1(x1),…
fn(xn) as:
H(x1,x2..xn) = C(F1(x1),
F2(x2),…………..Fn(xn))

(2)

H(x1,x2..xn) = C(u1,…un)

(3)

where Fk(xk) = uk for k=1….n with
Uk ~ U(0,1).
One of the advantages of using copula
densities to represent the interdependence
between variables is that copulas display the
interdependence in its purest or essential
form (Bárdossy and Pegram, 2009). A
comprehensive review of copulas can be
found in Cherubini et al. (2004) and
Nelsen (1999; 2007). In this study, we
used a 2-dimensional copula for modelling
the dependence structure of duration and
drought severity.

The fitting of a copula can be addressed
from either a parametric or a non-parametric
approach. The fitted copula model may
differ from one climatic region to another
(Halwatura et al., 2015; Khedun et al., 2012).
This means a pre-defined model or prior
distribution function cannot be assumed,
making the search a case-dependent problem.
In this study, a non-parametric approach was
adopted. The non-parametric estimation of
the density model was performed using a
beta kernel-based estimator. The merits of
this estimator are that it is free of boundary
bias, has smaller variance, and varies the
shape depending on the point considered for
estimation (Chen, 1999).
Let us consider an unknown density
function f with a bounded support and a
random sample x = { x1, …, x p }. The beta
kernel estimator is given by:
1 n
fˆ (x) = ∑ i=1
K x/b+1,(1– x )/b+1 (xi ),
(4)
n
in which:
K x/b+1, (1– x )/b+1 (ϑ ) =

ϑ x/b (1 – ϑ )(1– x )/b
(5)
B(x / b +1, (1 – x) / b +1)

where B (α, β) is the beta function and b is a
smoothing parameter so that b → 0 as n → ∞
(Chen, 1999). In the bivariate case (S and D),
a multiplicative kernel has been used (Härdle
and Müller, 1997).
Estimation of joint return period

The joint return period for drought severity
and duration can be modelled in different
ways. For example, it can be estimated
considering the event D ≥ d and S ≥ s, or the
event D ≥ d or S ≥ s. The first is expressed in
terms of the marginal and joint distribution
of D and S, whilst the second depend solely
on the joint distribution function. We carried
out the analysis considering the second case
as suggested by Shiau (2003) and given by
following equation:
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T (S, D) =

1
1
=
(6)
γ {1 – F(s, d)} γ {1 – C(u, ν )}

where C(u, v) represents the bivariate copula
and γ the arrival rate. For further details
about derivation of joint return period, refer
to Shiau (2003).
Copula-based model algorithm for
drought analysis

The following steps were used in deriving
a copula model for drought analysis in this
study:
i. Derive the SPI using a monthly precipit
ation time series;

ii. Derive severity (S) and duration (D) using
the SPI;
iii. Transform the original data (S and D)
through univariate distribution functions;
iv. Fit a copula model, based on nonparametric beta kernel estimator; and
v. Calculate the frequency of recurrence of
various combinations of S and D.

Case study
Study area and data

For this study, we selected six sites from
different climatic regions of New Zealand (see
Fig. 2 and Table 2 for climatic zones adopted

Table 2 – Climatic zone and climate description of the six sites used in the study.
Adopted from NZMS (1983)
Climatic
Zone

Climate description

A1

Warm humid summer, mild winter. Annual rainfall 1000 to
1500 mm with a winter maximum. Prevailing wind southwest but
occasional strong gales and heavy rains from the east or northeast
Hamilton northwards.

Napier Park

C2

Very warm summer, day temperatures occasionally rise above
30 degrees with dry foehn northwesterlies. Annual rainfall
600-1000 mm. Moderate winter temperatures with maximum
rainfall in this season. Summer drought common.

Wallaceville

D1

West to northwest winds prevail with relatively frequent gales.
Annual rainfall 900-1300 mm. Rainfall reliable and evenly
distributed through the year. Warm summers and mild winters.

B1

Sunny, rather sheltered areas which receive rains of very high
intensity at times from the northeast and north. Very warm
summers and mild winters. Annual rainfall 1000 to 2000 mm
with a winter maximum.

Winchmore

F1

Low annual rainfalls of 500 to 800 mm in south, slightly more in
winter than in other seasons. Warm summers with occasional hot
foehn northwesterlies giving temperatures above 30 degrees. Cool
winters with frequent frosts and occasional snow. Northeasterlies
prevail with northwesterlies more frequent inland.

Invercargill

G2

Warm summers and cool winters; rainfall 900 to 1300 mm.
Generally windier with frequent showers in coastal districts.

Site

Kaitaia

Nelson Aero
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Figure 2 – Location of the six study sites with boxplots of monthly precipitation. The climatic regions
associated with the study sites are indicated by coloured patches and red text. For a definition of
climatic regions, refer to Table 2.
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from NZMS (1983)). New Zealand’s climate
is very complex with warm sub-tropical in
the far north to cool temperate climate in the
far south and severe alpine conditions in the
mountainous areas in between. The Southern
Alps, which extend the length of the South
Island, partially block prevailing westerly
winds, resulting in high rainfall areas to the
west of South Island and dry conditions over
the eastern board. Most lowland areas of New
Zealand receive between 600 and 1600 mm
of rainfall on average, spread fairly evenly
over the year.
The six sites were selected based on the
availability of long-term precipitation data,
obtained from the National Institute of Water
and Atmospheric Research (NIWA) Cliflo
database (Cliflo, 2017). The selected sites
(Table 3) have precipitation records that are
among the longest in New Zealand (ranging
from 69 to 146 years), with the least amount
of missing data. The sites cover a wide range
of climatic regions.

Results and discussion
Precipitation differences between the
selected sites were primarily due to
orographic effects, and were distributed
relatively evenly throughout the year with a
maximum difference in winter. The mean

annual precipitation varied from 736 mm at
Winchmore, which lies in the rainshadow of
the Southern Alps, to 1,375 mm at Kaitaia,
a site that has a humid, sub-tropical climate.
At all three South Island sites, precipitation
was fairly evenly distributed throughout
the year (see Fig. 2). The North Island sites
experienced more rainfall in winter than in
any other season. The precipitation summary
statistics for the six sites are presented in
Table 3.
Monthly precipitation data from the start
of the record to 2015 were used to calculate
SPIs. Figure 3 shows SPI plots for all six sites,
indicating the patterns of droughts as well
as the extreme droughts (SPI < -2) at these
sites. The arrival rate of drought varied from
121 to 167 events per 100 years and the
arrival rate of extreme droughts varied from
18 to 33 events per 100 years (Table 4).
These variations indicate that drought arrival
rate and thus frequency differ between sites.
The summary statistics of drought
characteristics in terms of duration and
severity during study periods for the six sites
are presented in Table 5. Statistical analyses
of duration and severity show that there
is a large difference in standard deviation
and skewness among sites. This suggests
very distinct drought patterns (in terms of
duration and severity) across the sites. The

Table 3 – Details of the precipitation records for the six selected sites used in the study
(SD=standard deviation)
Site

Start
year

End
year

Number
of years

Mean
annual
(mm)

SD
annual
(mm)

Coefficient
of
variation

Maximum
annual
(mm)

Minimum
annual
(mm)

Kaitaia

1894

2012

119

1375.2

235.6

5.8

2151.5

835.3

Napier Park

1870

2015

146

817.4

173.4

4.7

1349.6

444.7

Wallaceville

1924

2006

83

1289.6

211.3

6.1

1784.5

776.7

Nelson Aero

1941

2015

75

975.4

193.4

5.0

1543.5

637.7

Winchmore

1947

2015

69

736.2

139.0

5.3

1115.4

410.1

Invercargill

1940

2015

76

1092.2

128.6

8.5

1447.9

782.2
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Figure 3 – Monthly SPI series for the six study sites. The red cross identifies the most extreme
drought event on record.
Table 4 – Characteristics of drought occurrence at the six study sites
Number of
drought events

Year of
most extreme
drought event

Arrival rate of
droughts
(number of
droughts per year)

Arrival rate for
extreme drought
(number of
droughts per year)

Kaitaia

185

1914

1.55

0.19

Napier Park

177

1894

1.21

0.18

Wallaceville

137

1938

1.65

0.24

Nelson Aero

121

1959

1.61

0.33

Winchmore

105

1962

1.52

0.26

Invercargill

127

1947

1.67

0.22

Site

21

Table 5 – Summary statistics of drought duration and severity for the six selected sites (SD=standard
deviation, Max=Maximum)
Duration (months)

Severity

Mean

SD

Max

Mean

SD

Max

Kaitaia

3.76

2.94

18

3.04

3.63

25.00

Napier Park

4.31

3.42

17

3.44

3.80

20.38

Wallaceville

3.47

3.20

18

2.86

3.92

22.71

Nelson Aero

3.74

3.00

15

3.12

3.38

16.78

Winchmore

4.00

3.43

16

3.27

3.86

18.00

Invercargill

3.55

2.76

12

2.88

3.01

13.14

maximum duration and severity of drought
was higher at North Island sites compared to
South Island sites. This suggests that North
Island sites experience longer and more severe
droughts compared to South Island sites.
Copula-based model for the recurrence
interval of drought events

For joint modelling of any set of variables, it
is necessary that they are correlated. Figure 4
shows the relationship between drought
severity and duration for all the sites. A
significant correlation is observed, justifying
a joint modelling approach. Before fitting
the copula model, the drought characteristics
were transformed by their univariate
empirical distribution functions. The trans
formed variables corresponding to the
cumulative distribution functions of drought
severity and drought duration, respectively,
were the input to the joint model.
The non-parametric-based copula model
for severity and duration was fitted using
a beta kernel density estimator. Figure 5
shows the beta kernel copula model between
duration and severity for the six sites, together
with the transformed drought duration and
severity. The fitted copula model used to
define the drought return periods is described
in the next sub-section.
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Copula-based drought severity–durationfrequency curve

The return period based on a bivariate copula
model, which considered both drought
duration and severity, can be largely divided
into a probability of exceeding any of one
of them (D >d or S>s), where d and s are
droughts of chosen duration and severity.
The bivariate copula modelled by the beta
kernel density function was used to estimate
the relationship between drought severity and
duration for different recurrence intervals as
described in Equation 6.
For each site, the drought SDF curves were
developed for recurrence intervals of 1, 2, 5,
10 and 20 years, for any S and D (Fig. 6).
Generally, drought occurred more frequently
at the North Island sites compared to South
Island sites. For example, at Invercargill, a
drought with a duration of 10 months and
severity of 8 occurred once in every 10 years,
whereas a drought of the same duration
and severity occurred once in 6 years at
Winchmore, once in 8 years at Nelson Aero,
once in 7 years at Wallaceville, once in 5 years
at Napier Park and once in 6 years at Kaitaia
(Fig. 6).
Droughts occurred more frequently in
the north of the North Island compared
to the south of the South Island (Fig. 6).

Figure 4 – Relationship between drought duration and severity at the six study sites.

This can be explained based on the monthly
distribution of precipitation. At the North
Island sites most of the precipitation occurs
in winter whereas it is evenly distributed
over seasons in the South Island. Differences
between climatic regions in terms of drought
characteristics and patterns were not obvious
in the North Island, as can be seen from the
similarities in recurrence intervals (Fig. 6).
However, at the South Island sites recurrence

intervals of droughts of same strength varied
widely, likely a reflection of wide variation
in climatic zone as well as physiography.
Precipitation at Winchmore is impacted by
the Southern Alps, while the exposure of the
Invercargill site to southerlies weather has an
impact on that site.
Traditionally, mean annual precipitation
has been used as indicator for deciding
vulnerability of a site to drought conditions.
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Figure 5 – The beta kernel-based copula model that links drought duration and severity at the six
sites. u and v are drought duration and severity, respectively, transformed through a cumulative
distribution function.
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Figure 6 – Drought SDF curves for the six study sites, with recurrence intervals
(years) marked on the blue lines
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However, the mean annual precipitation
alone does not sufficiently capture droughts
(Audet et al., 2013; Halwatura et al., 2015).
For example, the mean annual rainfall is the
lowest at Winchmore (736 mm) but the SDF
analysis indicates that droughts occur more
frequently at Napier Park (mean annual
rainfall of 817 mm). This could be related to
the differences in intra-annual precipitation
distribution at these two sites – precipitation
is evenly distributed at Winchmore while it
rains more in winter at Napier Park (Fig. 2).

drought conditions in the North Island tends
to be highest in autumn, and in spring in
South Island. Extreme drought conditions in
summer tend to have an immediate impact
on water availability to plant and human
use but winter-spring dry conditions can
reduce recharge to groundwater and thus its
availability over subsequent seasons.
The maximum duration of extreme
drought conditions ranged from 1 to 5
months (Table 7). At Nelson Aero, where the
arrival rates of extreme drought conditions
in spring were six times that of summer
(Table 6), the mean duration of extreme
drought conditions in spring was the same
(2 months) as those in summer and autumn.
Of all locations, over the data period, Kaitaia
experienced the longest extreme dry spells
(average 5 months), in winter. These long

Occurrence and duration of drought
conditions

The arrival rates and durations of extreme
drought conditions over the data period
for the six sites are listed in Tables 6
and 7, respectively. The arrival rate of extreme

Table 6 – Arrival rates of extreme drought events (SPI ≤ -2) per season at the six sites.
The arrival rate is expressed as number of droughts per 100 years.
Station

Summer

Autumn

Winter

Spring

Kaitaia

4.2

5.9

5.0

4.2

Napier Park

4.8

4.8

3.4

4.8

Wallaceville

6.0

7.2

7.2

2.4

Nelson Aero

2.7

5.3

9.3

16.0

Winchmore

4.3

4.3

5.8

11.6

Invercargill

3.9

6.6

6.6

3.9

Table 7 – Maximum duration (in months) of extreme drought events per season.
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Station

Summer

Autumn

Winter

Spring

Kaitaia

2

2

5

3

Napier Park

2

2

4

3

Wallaceville

3

1

3

2

Nelson Aero

2

2

3

2

Winchmore

2

1

3

2

Invercargill

3

2

4

2

dry spells in winter can negatively influence
rainfall recharge at this site. Winter droughts
can have a significant impact on groundwater
recharge, as observed by Duncan et al. (2016).

Conclusions
Drought can be characterised by duration
and severity of the event, which can be easily
assessed using the Standardized Precipitation
Index. In this study, a copula-based model was
used to model the joint drought duration and
severity distribution, and to derive drought
severity-duration-frequency (SDF) curves
for six sites in different climatic regions of
New Zealand. The marginal distribution of
drought duration and severity was modelled
using a non-parametric approach. A copula
was fitted to drought duration and severity
by means of non-parametric estimation using
a beta kernel function. The probabilistic
properties of drought were assessed in terms
of a joint distribution function. Based on
the bivariate beta kernel model for duration
and severity, the drought SDF curves for
various recurrence intervals were derived.
The observed interdependence structure
between severity and duration suggested the
appropriateness of using a bivariate model
for drought analysis. It was found that the
arrival rates of droughts are variable among
the sites. Winter rainfall is critical for rainfall
recharge of groundwater, hence the impact
of the winter dry conditions may be felt in
the following summer when groundwater is
required for irrigation and other uses. On the
other hand, summer dry conditions can have
an immediate impact on plant and human
water use. The SDF-based analysis suggested
that droughts recurred more frequently in the
north of North Island compared to the south
of South Island. The SDF curves developed
at the six sites provide a comprehensive way
of combining these three characteristics of
drought events. Such information can be
useful in developing long and short-term

mitigation strategies for water management
and conservation.
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