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Abstract. Stationarity in hydro-meteorological records is often investigated through an assessment of the mean

value of the tested parameter. This is arguably insufficient for capturing fully the non-stationarity signal, and

parameter variance is an equally important indicator. This study applied the Mann-Kendall linear and Mann-

Whitney-Wilcoxon step change trend detection techniques to investigate the changes in the mean and variance

of annual maximum daily rainfalls at eight stations in Dublin, Ireland, where long and high quality daily rainfall

records were available. The eight stations are located in a geographically similar and spatially compact region

(< 950 km2) and their rainfalls were shown to be well correlated. Results indicate that while significant positive

step changes were observed in mean annual maximum daily rainfalls (1961 and 1997) at only two of the eight

stations, a significant and consistent shift in the variance was observed at all eight stations during the 1980’s. This

period saw a widely noted positive shift in the winter North Atlantic Oscillation that greatly influences rainfall

patterns in Northern Europe.

Design estimates were obtained from a frequency analysis of annual maximum daily rainfalls (AM series)

using the Generalised Extreme Value distribution, identified through application of the Modified Anderson Dar-

ling Goodness of Fit criterion. To evaluate the impact of the observed non-stationarity in variance on rainfall

design estimates, two sets of depth-frequency relationships at each station for return periods from 5 to 100-years

were constructed. The first was constructed with bootstrapped confidence intervals based on the full AM series

assuming stationarity and the second was based on a partial AM series commencing in the year that followed the

observed shift in variance. Confidence intervals distinguish climate signals from natural variability. Increases in

design daily rainfall estimates obtained from the depth-frequency relationship developed from the truncated AM

series, as opposed to those using the full series, ranged from 5 to 16 % for the 5-year event and from 20 to 41 %

for the 100-year event. Results indicate that the observed trends exceed the envelopes of natural climate vari-

ability and suggest that the non-stationarity in variance is associated with a climate change signal. Results also

illustrate the importance of considering trends in higher order moments (e.g. variance) of hydro-meteorological

variables in assessing non-stationarity influences.

1 Introduction

Climate induced non-stationarity in hydro-meteorological

variables has significant impacts on the engineering design

of water systems. While complex, failure to correctly iden-

tify and account for non-stationarity influences can compro-

mise the reliability of design estimates which are typically

obtained from frequency analyses of historical time series

of extreme events (Coles, 2001; Klein Tank et al., 2009).

Such frequency analyses are commonly underpinned by the

assumption of stationarity, i.e. observations are independent

and identically distributed (Stedinger, 1993). Once this as-

sumption is violated, errors in design estimates which impact

on risk levels and/or economic costs are likely (Kundzewicz

and Robson, 2000).
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Climate studies have suggested that extreme hydro-

meteorological data can exhibit significant trends, from ei-

ther natural climate variability or from climate change (Burn

and Hag Elnur, 2002; Dawadi and Ahmad, 2012; IPCC,

2012; Jung et al., 2011; Osborn and Hulme, 2000; Rob-

son et al., 1998; Sen Roy and Balling, 2004; De Toffol et

al., 2009). In Ireland, the precipitation pattern is highly in-

fluenced by the North Atlantic Oscillation (NAO) (Hurrell,

1995; Rodwell et al., 1999; Sheridan, 2001; Sweeney, 2014).

The NAO reflects changes in the pressure gradient between

Iceland and the Azores (Jones et al., 1997; Visbeck and Hur-

rell, 2001) and when this index is high (low pressure in Ice-

land and high in the Azores), enhanced westerly air currents

are more vigorous, bringing heavy precipitation to northern

and north-west Europe (Arnell, 1999). Since the beginning

of the 1980’s, the NAO has remained in a relatively extreme

positive phase accounting for wetter-than-normal conditions

in northern Europe and Scandinavia (Hurrell and Van Loon,

1997; Hurrell, 1995; López and Francés, 2013; Trigo et al.,

2004). Positive shifts in annual rainfall totals accompanied

by a change in the frequency of occurrence of extreme events

in the mid and late 1970’s have, in Ireland, been associated

with a predominantly positive phase of the winter NAO index

since 1980 (Chandler, 2002; Hoppe and Kiely, 1999; Leahy

and Kiely, 2010).

Climatic trends, particularly in extremes, change the prob-

ability distribution function (pdf) in the form of a shift in

location, a change in variance or a change in the shape of

the distribution (Hannachi, 2006). These changes can be re-

flected in gradual monotonic changes and/or abrupt shifts in

parameter values.

Changes in parameter variability (included in second order

statistical testing) have traditionally received relatively little

attention in scientific literature (Pegram, 2000). In this study,

the non-stationarity in variance, in addition to the mean,

of extreme daily rainfall (AM series) at eight stations with

long historical records in Dublin is explored using the Mann-

Kendall (MK) linear and Mann-Whitney-Wilcoxon (MWW)

step change trend detection techniques. The eight stations

are located in a geographically similar and spatially com-

pact region (< 950 km2) and their rainfalls were shown to

be well correlated. The MK and MWW tests on variance

were applied to the squared residuals from a best fit line ob-

tained from a locally weighted regression (loess) function

in the manner suggested by Pegram (2000) and Villarini et

al. (2011). Loess is a non-parametric regression technique

that, unlike parametric curve fitting, does not make any as-

sumptions about the functional form of the relationship be-

tween the dependent and independent variables. In addition

to its simplicity, it is a well-recognised technique for curve-

fitting empirical data sets (Jacoby, 2000).

The impact on design estimates was evaluated by generat-

ing two sets of depth-frequency relationships of return peri-

ods varying from 5 to 100-years. The first assumed stationar-

ity and utilised the full available AM series. The second set of

relationships were constructed using a truncated AM series

subsequent to the observed shift in variance. To distinguish

between climate change and natural climate variability, boot-

strapped confidence intervals were constructed on the first set

of depth frequency relationships to define the region of natu-

ral variability (Ntegeka and Willems, 2008).

2 Study area and data

Dublin, the capital city of Ireland, lies on the east coast of

the country and receives an average annual rainfall of ap-

proximately 750 mm. Annual rainfalls in this region are low

and contrast sharply with totals elsewhere in the country, but

particularly in elevated areas along the west coast where an-

nual rainfalls of about 2800 mm are observed (Sweeney et

al., 2006). Figure 1 and Table 1 show the details of the eight

stations within the Dublin region that were analysed. Data

from these stations was provided by Met Éireann, the Irish

National Meteorological Service.

3 Methodology

Non-stationarity was investigated by carrying out robust non-

parametric tests for monotonic and step change trends using

the commonly applied and recognised tests of Mann-Kendal

(Kendall, 1975) and Mann-Whitney-Wilcoxon (Wilcoxon,

1945) respectively.

Given that the study explores uncertainty in design esti-

mates of rainfall, goodness-of-fit statistical testing was used

to identify a valid distribution for modelling annual max-

imum daily rainfalls at the eight investigated stations. A

goodness-of-fit test evaluates the degree of agreement be-

tween the empirical distribution of the tested data to that of

an applied theoretical probability distribution. In this study,

the Modified Anderson-Darling (MAD) goodness-of-fit test

from Ahmad et al. (1988) was used to identify the suitability

of a probability distribution. While the original test by An-

derson and Darling (1952) afforded significant discriminat-

ing power to the extremes of the distribution, the modified

test enhances this discriminating power by placing increased

emphasis on the upper and lower distribution tails. Tails are

regions of interest for hydrologists where extremes related to

floods and droughts are typically located. For hydraulic en-

gineers the upper tail is of particular interest in rainfall anal-

ysis, and represents events with high return periods.

To evaluate the impact of the observed non-stationarity

in variance on rainfall design estimates, two sets of depth-

frequency relationships at each station for return periods

ranging from 5 to 100-years were constructed. The first

set was constructed with bootstrapped confidence intervals

based on the full AM series assuming stationarity and the

second was based on a partial AM series commencing in

the year that followed the observed shift in variance. Con-

fidence intervals acknowledge the various sources of uncer-
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Table 1. Details of rainfall stations in study area.

Station Record Start Record End Altitude Latitude Longitude

No. Year Year (m)

332 1941 2006 64 53◦34′8.40′′ N 6◦8′31.20′" W

532 1942 2013 71 53◦25′40.80′′ N 6◦14′27.60′′W

1232 1962 2004 19 53◦25′19.20′′ N 6◦10′19.20′′W

1723 1941 2011 49 53◦21′50.40′′ N 6◦20′49.20′′W

1823 1941 2011 21 53◦22′15.60′′ N 6◦16′19.20′′W

1923 1941 2010 158 53◦14′20.40′′ N 6◦22′1.20′′W

4223 1950 2009 42 53◦21′43.20′′ N 6◦29′13.20′′W

7523 1973 2011 9 53◦19′30.00′′ N 6◦13′30.00′′W

Table 2. Year of significant step change in variance of annual ex-

treme daily rainfall (“+” denotes a positive shift).

Station no. Change Year

332 1984 (+)

532 1984 (+)

1232 1982 (+)

1723 1985 (+)

1823 1985 (+)

1923 1984 (+)

4223 1985 (+)

7523 1985 (+)

tainty in the estimation process of design quantiles (Khaliq et

al., 2006) and in this case, define a region of natural climate

variability. The methodology is considered a non-parametric

approach and with advances in computational efficiency, is

becoming increasingly popular for applications of this type

(Prudhomme et al., 2003).

4 Results

No significant monotonic trends in the mean or variance of

the annual daily maximum rainfalls in any of the eight anal-

ysed stations were detected by the MK test. The MWW step

change analysis showed significant abrupt positive shifts in

the means of annual daily extremes at only two of the eight

stations, one occurring in 1961 and in the other in 1998 (sta-

tions no. 332 and 1723). This contrasted with the signifi-

cantly more consistent change points that were observed in

the variance of the AM series at the eight stations and in

which the MWW test detected significant positive shifts be-

tween 1984 and 1985 at seven of the eight stations – the step

change in station no. 1232 was observed in 1982 (Table 2).

The positive step changes in variance could be attributed

to the increased frequency of extreme events that has been

observed in more recent times (evident in Fig. 2b for Station

no. 532, but representative of trends at the other stations).

Note however, that this increased frequency of extreme rain-

fall events was not reflected in significant step changes in

mean values of annual extremes from the investigated sta-

tions (Fig. 2a); again illustrating that non-stationarity can

take different forms.

The MAD goodness-of-fit criterion identified the Gener-

alised Extreme Value (GEV) distribution (Jenkinson, 1955)

as being valid to model the annual maximum rainfall records

at the eight stations.

This distribution is a flexible three parameter model that

encompasses the type I - Gumbel, type II – Frechet and type

III – Weibull, extreme value distributions. The cumulative

distribution function (CDF) of a GEV distribution can be

written as (Stedinger, 1993):

F (x)= exp

{
−

[
1− k

(x
α
− u

)]1/k
}

k 6= 0 (1)

F (x)= exp
{
−exp

[
−

(x
α
− u

)]}
k = 0 (2)

where α is a scale parameter which can be estimated using

the sample mean and u is a dimensionless location parame-

ter. The value of the shape parameter, k, determines the ex-

treme value type I, II and III distribution. Specifically, the

three cases k = 0, k < 0 and k > 0 correspond to the Gumbel,

Frechet, and Weibull distributions. The inverse relationships

of Eqs. (1) and (2) respectively, are:

x = α
{
u+

[
1− (− lnF (x))k

]/
k
}

k 6= 0 (3)

x = α {u− ln [− lnF (x)]} k = 0 (4)

Although the Method of Moments and the Maximum Like-

lihood Method are commonly used to determine distribution

parameters, the Method of L-Moments (Khaliq et al., 2006)

was used in this study. As detailed in Hosking (1990), L-

Moments offer advantages over other methods, one of which

and of particular significance to this study, is that the method

is less sensitive to extreme values (skewness) in the tails of

the distribution.

Using the GEV distribution, depth frequency relationships

for return periods ranging from 5 to 100-years were con-

structed with full AM series (i.e. assuming the record is

stationary) at the eight stations (Fig. 3). Bootstrapped con-

fidence intervals are included in Fig. 3. In addition, Fig. 3

proc-iahs.net/371/117/2015/ Proc. IAHS, 371, 117–123, 2015



120 M. Al Saji et al.: Design impact and significance of non-stationarity of variance

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Station no. 4223 

(Leixlip) 

 

Station no. 332 

(Skerries) 

 

Station no. 532 

(Dublin Airport) 

 

Station no. 1232 

(Kinsaley) 

 

Station no. 1823 

(Glasnevin) 

 

Station no. 1723 

(Phoenix Park) 

 

Station no. 7523 

(Simmonscourt) 

 

Station no. 1923 

(Glenasmole) 

 

• 

• 

• • 

• 

• 

• 
• 

Figure 1. Names and locations of rainfall stations in study area.

 

 

(a)    (b) 

 
Figure 2. MWW (a) and MK (b) test results for mean annual maximum rainfall for Station no. 532.

includes depth frequency relationships derived using a trun-

cated series subsequent to the observed step change in vari-

ance. The data highlights significant differences in design

rainfall estimates in 7 out of the 8 stations that would be ob-

tained from the two depth frequency relationships. The post

step change estimates were generally higher, and in 6 sta-

tions were shown to fall outside the confidence intervals of

the estimates from using the full record, suggesting a climate

change signal. The data indicates that design daily rainfall es-

timates for the 5-year event using the post step-change depth-

frequency relationship are between 5 and 16 % higher than

those determined using the full record and for the 100-year

return period, are between 20 and 41 % higher.

These results are potentially very significant for water re-

source managers and designers of water infrastructure. The

results can be contextualised by considering, for example,

the estimate of the 30-year quantile at station no. 532. An

application of the MK and MWW statistical tests applied to

the mean of the extreme daily rainfalls (Fig. 2) would indi-

cate that an assumption of stationarity is valid and a rain-

fall depth of 74 mm with upper and lower confidence inter-

vals corresponding to depths of 84 and 62 mm respectively

Proc. IAHS, 371, 117–123, 2015 proc-iahs.net/371/117/2015/
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Figure 3. Depth-frequency relationships using the full record (Full) with confidence intervals (CI) and for the post step-change data only

(Post).

(Fig. 3b) would be determined. However, if variance (rather

than mean) is the parameter adopted to identify the non-

stationarity in the AM series, a significant step change in

1984 is detected (Fig. 4a) and determining the 30-year quan-

tile with the truncated series, subsequent to the observed step

change, yields a design estimate of 91 mm (Fig. 3b). The up-

dated depth-frequency relationship in this regard, indicated

that the 74 mm rainfall estimate would have a return period of

just 14 years , almost doubling its frequency and highlighting

the increased vulnerability of water infrastructures to under-

design and increased failure risk should non-stationarity in-

fluences remain unidentified and ignored.

The non-stationarity in variance, reflected in a positive

step change, across all eight stations in the study area, are

shown to be statistically significant and their timing, being

consistent with previously reported positive step changes in

the winter index of the NAO in the early 1980’s, is a strong

indication that the change points reflect a climate change sig-

nal.
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     (a)         (b) 

 

Trend is not significant 
Mann Kendal S= 335 

Critical values= -419, 373.5  

Figure 4. MWW (a) and MK (b) test results for variance of annual maximum rainfall for Station no. 532.

5 Conclusions

The stationarity (both gradual and in the form of abrupt step

changes) in mean and variance of extreme annual daily rain-

fall of eight historical records in the Greater Dublin region

was investigated in this paper and its impact on hydraulic

design was evaluated. This also entailed distinguishing cli-

mate signals from natural climate variability in any observed

non-stationarity. No significant linear trends were detected

in the mean or variance of annual maximum daily rainfalls at

the eight stations investigated. While positive step changes

in the mean of these rainfalls were observed at two of the

eight stations, significant positive step changes in variance

were detected in all eight stations across the region. These ex-

ceeded the bounds of natural climate variability, suggesting

that they result from a climate change signal. These change

points were temporally consistent with a previously reported

positive shift in the winter NAO since the beginning of the

1980’s which highly influences rainfall patterns in Northern

Europe. The impact on design estimates was shown to be sig-

nificant, highlighting the importance of second order statisti-

cal testing (variance) in non-stationarity assessments of me-

teorological data records. The study highlights the differing

effects that climate signals can have on the distribution of ex-

treme rainfall depending on the geographical location and the

importance of analysing the different forms non-stationarity

may take. The results of the study reiterate the importance

of updating design criteria in view of different forms of cli-

mate induced non-stationarity to reduce infrastructural risk

and associated costs.
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