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ABSTRACT: There is a growing body of evidence supporting the Intergovernmental Panel on Climate Change’s
contestation that changes to hydrological extremes as a result of anthropogenic climate change are likely. There is also
a growing level of concern among water resource managers about the nature of these changes and how we might adapt
our behaviour to accommodate them. In particular, extreme multi-day rainfall events have been a significant contributing
factor to the severe flood events of recent years.

Here we provide an updated study of extreme rainfall in the UK, focussing on changes to seasonal and annual maxima
over the period 1961-2009. We employ regional frequency analysis to examine changes in the magnitude of estimated
return periods obtained from generalized extreme value distribution curves. Return period estimates are analysed using
both the full record and using 10 year intervals to determine the relative importance of natural variability and long-term
changes in extreme rainfall distribution.

The magnitude of changes in estimated return periods are spatially varied, and dominated in northern and western parts of
the UK by a periodic forcing such as the North Atlantic Oscillation (NAO), superimposed on normal seasonal fluctuations.
In contrast, seasonality has the greatest influence on event magnitude in the south and east. We confirm that previously
reported increases in spring and autumn extreme rainfall events have continued. Similarly, longer duration winter events
have continued to increase in intensity, with a decrease in return period estimate from a 25-year to around a 5-year event
over the full 50 years of record in parts of Scotland and Southwest England. In contrast, short-duration summer rainfall
events have continued to decline in intensity, whereas longer duration events appear to be increasing in intensity. These
results may have significant implications for flood defence design and planning, as well as to agricultural practices which
may be sensitive to extreme rainfall. Copyright  2012 Royal Meteorological Society
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1. Introduction

Seldom does a day go by without reports of extreme
events or climate records being broken in some part of
the world. It is understandable, as the devastating conse-
quences from extreme weather events enhance our aware-
ness of their incidence far more than the occurrence of
mean wet day rainfall. While the probability of a new
record breaker increases with the length of the record
(Benestad, 2003) and the difficulty of detecting changes
in rainfall behaviour, particularly extremes, are acknowl-
edged (Milly et al., 2008; Fowler and Wilby, 2010) it
is also highly likely that rainfall patterns are changing
(Trenberth et al., 2007). These changes and how to adapt
to them are becoming increasingly important to policy
makers, insurers, water resource managers and the gen-
eral public alike.

There are two problems: one of assessing the prob-
ability of an extreme event occurring and the other
of determining the likely future behaviour of these

∗ Correspondence to: M. R. Jones, School of Civil Engineering and
Geosciences, Newcastle University, Newcastle upon Tyne, UK.
E-mail: m.r.jones1@ncl.ac.uk

extreme events and their resultant impact on society. Emil
Gumbel, noted that ‘Il est impossible que l’improbable
n’arrive jamais’ [it is impossible that an unlikely event
will never happen]; engineering design has long made
use of Gumbel’s theories on the extreme value distribu-
tion and subsequent developments to quantify the realistic
probability of an event. This leads to the second prob-
lem of identifying the symptoms of the changing fre-
quency of extreme events and whether future behaviour
will continue in the same manner, for which there is
an increasing body of literature and available software
(World Meteorological Organization, 2009; Gilleland and
Katz, 2011).

A responsibility lies with scientists to ensure that
advances in climate change research, particularly in
sensitive areas such as extremes of the hydrological cycle,
are reflected properly in policy development. Some argue
that we require better predictions of these extremes in
order to adapt effectively to the changing climate (Dessai
et al., 2009) while others, the authors included, believe
that a better understanding of exposure risk from the
environment to the development in question is required
in order to adapt effectively (McEvoy et al., 2010).
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With the recent release of the Adaptation Sub-
Committee (ASC) of the Committee on Climate Change’s
Report (Krebs et al., 2010) assessing the UK’s state of
preparedness for climate change, there has been a shift
in focus from whether climate change is occurring to
determining the likely consequences. In particular, the
ASC identified that in order to avoid maladaptation (that
is adaptive actions which have a negative impact else-
where, or at a later point in time), there is a need to
quantify the UK’s vulnerability to climate change. Nel-
son (2011) highlights that both individual and governance
risk and decision frameworks are hampered by the lack
of clarity and limited predictive power for future changes
in extreme events.

It has been demonstrated by other researchers (Fowler
and Ekström, 2009; Portmann et al., 2009) that the influ-
ence of climate change on the hydrological cycle, while
uncertain in its exact manifestation, will be an enhance-
ment of precipitation variability particularly affecting
the extremes. Karl and Trenberth (2003) observed that
although total annual rainfall may be approximately
unchanged around the world, there has been a trend
towards fewer but more intense rainfall events. This
observation is borne out by many other studies of rainfall
across the UK (Fowler and Kilsby, 2003a, 2003b; Biggs
and Atkinson, 2011), and worldwide (Alexander et al.,
2006; Pryor et al., 2009; Liu et al., 2011).

Different approaches have been used to assess extreme
rainfall in the UK, employing various metrics such as
the 95th percentile or the total rainfall on the 10 wettest
days per year. Here we apply the generalized extreme
value (GEV) distribution to estimate the likely magnitude
of events from different predicted return periods, with
practical application in engineering design, policy making
or water resource management (Villarini et al., 2011).
Changes which have occurred and their approximate
magnitude and direction can be determined by comparing
the estimates from different periods of the observational
record.

GEV models can also be used to characterize seasonal
or location specific changes in frequency or magnitude.
For example, Maraun et al. (2009) represented UK sea-
sonality through a multivariate GEV model with a simple
sinusoidal component fitted to monthly rainfall maxima.
In contrast, Fowler and Kilsby examined the implica-
tions of changes to extreme rainfall from both seasonal
(2003a, henceforth FK2003a) and annual (2003b, hence-
forth FK2003b) event magnitudes using a univariate GEV
model, with an update to the analysis of annual maxima
presented by Jones et al. (2010). In common with other
studies, FK2003a found a downward trend in estimated
summer extreme rainfall magnitudes, particularly for 1-
d events in Southeast England, and the median seasonal
maximum event (SMED). An increasing trend in esti-
mated winter extreme rainfall magnitudes was apparent
with the greatest increases in Scotland. However, in con-
trast with Osborn and Hulme (2002), limited change in
England and Wales.

This paper is motivated by a need to revisit the
original work by Fowler and Kilsby to update their
analyses from 1961 to 2000 to the present (2009), and to
compare the results with other recent publications on UK
extreme rainfall. Changes in the seasonal occurrence of
extreme rainfall events have had significant impacts on
the food and drink industry with heavy rain damaging
recently planted crops (Rosenzweig et al., 2002), in
addition to an increased flood potential resulting from
severe rainfall on either arid or saturated ground. We
aim to quantify seasonal and regional differences in the
changes in maximum rainfall around the UK to inform
those involved with adaptive action planning, from the
individual farmer to the policy maker.

This paper first describes the dataset and methodology
employed in Section 2, before presenting trends in
the updated annual and seasonal maxima in Section
3, together with an assessment of trends in rolling
decadal medians. We examine changes in the regional
return period estimates in Section 4 and discuss their
implications for future UK water resource management
in Section 5. Section 6 summarizes our conclusions.

2. Methods and data

2.1. Dataset

Changes in seasonality were examined using observa-
tions from 223 daily rainfall records, updating the 204
originally used by FK2003a and FK2003b from 2000
to 2009. The gauged data were pooled into nine UK
rainfall regions, each region containing ≥ 15 gauges for
2000–2009 or ≥ 20 for the period 1961–2000. These
regions are depicted in Figure 1, with the locations of
all 223 gauges and an indication of the analysis period
covered by each gauge. Daily rainfall data for the period
2000–2009 were supplied by the British Atmospheric
Data Centre (BADC, http://www.badc.rl.ac.uk) for all
gauges within the UK, with additional data obtained from
Durham University, the Rothamsted Research Archive
and the Met Office. Where it was not possible to update
an observation series, alternative gauges were sought
from previously compiled work (Osborn and Hulme,
2002) to achieve the target minimum in each region.
Jones et al. (2010) describe the process of selecting and
updating the records and the identification of the mini-
mum pool size.

2.2. Methodology

This study made use of nine homogenous UK rainfall
regions (Wigley et al., 1984) digitized by Alexander and
Jones (2000). It could be argued that rainfall regions
derived from mean daily observations are inappropriate
for a study of annual maxima (Dales and Reed, 1989).
The discordancy measure (Hosking and Wallis, 1997),
which assesses the similarity of different station annual
maxima distributions within a pool, was employed to
verify the homogeneity of the regions; this facilitates
comparison with previous research. Further details of
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Figure 1. Location of the 223 UK daily rainfall records with complete or almost complete data for the 1961–2009 period and the nine UK
rainfall regions. The regions are North Scotland (NS), East Scotland (ES), South Scotland (SS), Northern Ireland (NI), Northwest England
(NWE), Northeast England (NEE), Central and Eastern England (CEE), Southeast England (SEE) and Southwest England (SWE). Red spots
indicate the 133 gauges used by FK2003a and FK2003b which were updated to 2009; blue stars indicate the 71 gauges which terminated in

2000; yellow squares indicate 19 supplementary gauges. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

the homogeneity calculation are provided by Jones et al.
(2010) and FK2003b.

We adopted a regional frequency analysis (RFA)
methodology (FK2003b), standardizing time series of
individual gauge maxima by the gauge median (1961–
1990) to remove orographic or exposure effects prior to
pooling. Regional seasonal and annual medians (SMED
and RMED, respectively) were calculated from the
weighted mean of all gauges in the region, where indi-
vidual stations were weighted according to record length
to reflect the reliability of the relevant set of observations
(Hosking and Wallis, 1988) as:

wi = ni

N∑

i=1

ni

(1)

where wi is the effective record length at the ith site, N

the number of sites in the pooling group and n represents
the number of station years.

Changes in the magnitude of estimated return periods
were examined using the GEV distribution. GEV distri-
bution curves were fitted to the 1-, 2-, 5- and 10-day
seasonal and annual standardized pooled maxima using
maximum likelihood estimates (MLEs) of the parameters
and return period estimates obtained by multiplying by
the regional SMED or RMED. In contrast, FK2003a and
FK2003b calculated the L-moments of individual gauges
to fit the regionally pooled GEV distributions; in the pres-
ence of an external influence such as changing climate or
covariate data, MLE has been shown to be more appro-
priate (Zhang et al., 2005). A further advantage of the
MLE methodology is that standard error estimates are
inherently calculated, whereas L-moment ratios require
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further manipulation to determine the confidence limits.
Parameter uncertainties were estimated with a bootstrap
by replacement method (Efron, 1979), rather than relying
on those obtained directly through the MLE calculations,
to account for the reduced independence between the
maxima following pooling. For further information on
fitting the GEV distribution in general, please refer to
Coles (2001), and for the specific methodology to Jones
et al. (2010) or FK2003b.

Three methods were adopted to examine potential
changes in return level estimates and median values
(annual and seasonal):

• Fixed decades (1961–1970, . . ., 1991–2000);
• Rolling decades (1961–1970, 1962–1971, . . .,

2000–2009);
• Datasets covering 1961–2000 and 1961–2009.

Method 2 enhances method 1 by verifying that appar-
ent changes in the fixed decades are not merely artefacts
of the selected time period. Method 3 allows a more com-
prehensive assessment of the influence of recent maxima
between 2000 and 2009 on the return period estimates.

Events considered for this study are the 1-, 2-, 5- and
10-day maximum daily total per annum or season; return
period estimates are calculated for an idealized set of 10-,
25-, 50- and 100-year events for each of the fixed and
rolling ten year groups, acknowledging that estimates of
the 100-year event are not necessarily reliable. Following
the Flood Estimation Handbook (FEH) rule of thumb
(Faulkner, 1999), a dataset at least five times the length of
the target return period (T) should be used in estimation.
As T = 100 exceeds the maximum valid estimate from a
minimum pool of 15 gauges for North Scotland in the

period 2000–2009 we concentrate mainly on changes
in higher frequency return periods in this paper (i.e. T
≤ 50, dependent on the pool size). Seasonal maxima
and associated return period estimates are analysed using
fixed block seasons: Spring (MAM), summer (JJA),
autumn (SON) and winter (DJF). For clarity, we refer to
events with the numeric form (e.g. 5-day, 25-year) and
analysis periods with the alphabetic form (e.g. rolling ten
year group).

3. Updated annual and seasonal maxima

3.1. Standardized regional annual maxima

Before fitting GEV distributions to the regionally pooled
maxima, we first examined the standardized pooled series
for differences from those produced by FK2003b. The
purpose was twofold: to determine the influence of
incorporating different data sets on the regionally pooled
results, and to identify any recent changes. The annual
rainfall maxima for all duration events were standardized
for each site and pooled regionally, regional standardized
annual maxima (AMAX) series for 1961–2009 are
shown in Figure 2 for the different duration events.
Plotting positions, y, for the fitted distribution were
determined from the Gringorten formulae (1963):

Fi = (i + 0.44)

(N + 0.12)
(2)

y = −ln(−ln(Fi)) (3)

where Fi is the non-exceedance probability, i the rank in
ascending order and N , the number of pooled maxima.

Figure 2. Standardized regional annual maximum (AMAX) rainfall distributions 1961–2009 for the nine pooling regions (update of FK2003b
Figure 3).
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Figure 3. Decadal mean regional median annual maxima (RMED).

Comparison of Figure 2 with FK2003b Figure 3 shows
that most regions have higher extreme values of stan-
dardized annual maxima. Some of the increases in the
extremes relate to annual maxima recorded during the
period 1961–2000 at the 19 supplementary gauges so
invalidating any direct comparison. However, several
regions (CEE, NWE, NEE, SS and NS) have higher
extremes resulting from recent events such as July 2007,
affecting CEE and SWE with 147 mm recorded over a
48-h period at Pershore Agricultural College, September
2008 in NEE with 152 mm in 48-h at Morpeth and the
UK record 24-h total of 316.4 mm recorded in Seath-
waite, NWE in November 2009. An exception to this
pattern is East Scotland, due to the re-allocation of Edin-
burgh Botanic Gardens from East Scotland to the South
Scotland region, following an assessment of the digital
regional boundaries and homogeneity testing referred to
in Section 2. As will be demonstrated in later sections,
the station re-allocation has not had an undue influence
on the results for either region when compared with the
influence of more recent extreme events.

The extra data for 2000–2009 have made most growth
curves steeper, with the exception of Northeast England
(NEE) and Northern Ireland (NI) where little change is
observed, indicating more variance in magnitude between
different return period events. That is, where the 1-day
10-year return period estimate (10% annual probability)
might be 50 mm and the 100-year return period estimate
(1%) 75 mm, these may now be 55 mm and 90 mm,
respectively. More detailed comparison of the revised
estimates is provided in Section 4.

3.2. Trends in RMED and SMED

We also examined changes in the mean regional RMED
and SMED for rolling ten year periods, which exhibit
a high degree of spatial variability (Figures 3 and 4)
with no fixed pattern for any region or season. Rolling
decade statistics were calculated from the first year of
the ten year period analysed, the x-axis on Figures 3 and
4 (and subsequent similar figures) reflects the start year
of each ten year period. Most regions, other than NI and
SEE, exhibit a significant upward trend in RMED for
all duration events, particularly in the north and west,
e.g. approximately 36 mm from 1961 to 2009 in South
Scotland (SS) 10-day maxima. Changes in SMED are
more apparent in longer duration events (5- and 10-day)
with significant increases across all regions in winter,
again with the largest increases in SS. Spring and autumn
medians also appear to be increasing, although both
the magnitude and the significance of the increase are
weaker in the east; summer medians are significantly
decreasing in southern area. Trend significance for each
region was tested using a moving-block bootstrap (Efron
and Tibshirani, 1993), of block length L = 5, to establish
the confidence intervals over each decade while reflecting
the relative decrease in data during the most recent decade
(2000–2009).

Table I presents the magnitude per year of linear
trends in each region, and estimated significance in
parentheses, for the regional RMED and SMED series.
Trends were assessed using the Mann-Kendall statistic,
with a significance level of 5%, as rank based tests are
more appropriate for non-normally distributed data (Yue
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Figure 4. Trends in the regional median seasonal maxima (SMED) for SWE in spring; NWE, NEE, SEE and CEE in summer; and NWE and
SS in autumn and winter.

and Pilon, 2004). Despite the autocorrelation introduced
by the rolling decade approach, we found that a bootstrap
technique did not alter the trend results or standard error
estimates. Trends in shorter duration events equate to
around 4 mm over the period of record, and could arise
from random atmospheric fluctuations (Benestad, 2003).
In contrast, significant increases in longer duration winter
rainfall approximate 40–50 mm over the period of record
and could have severe implications on flood generation.

In common with FK2003a and more recent research
(Maraun et al., 2008), a consistent increase in magnitude
is evident in most regions for spring and autumn SMED,
although the test results are only significant in northern
regions. Contrasting results are apparent for the summer
SMED, with some regions exhibiting decreases followed
by a rise towards the end of the record (e.g. SEE, CEE)
and others showing overall increases (e.g. NEE). Recent
summer events which have been particularly intense over
southwest and central England (e.g. Boscastle in 2004;
Gloucester in 2007) have probably influenced the rise
at the end of the record in these regions. Test results
correspond to a significant decrease in short-duration
events in the summer in NI, SEE, SWE and NWE,
with less conclusive results for longer durations and
other regions. Winter medians are increasing, by varying
amounts, most notably in NWE, NS and SS for long
duration (5 and 10 d) events.

Table II shows the mean RMED values for each pool-
ing region in each of the fixed decades. The exact num-
bers differ from those published by FK2003b; however,

the same behaviour is observed, with most regions expe-
riencing an increase in RMED over the last two decades,
particularly the north and west. The decade 1991–2000
was dominated by some exceptionally heavy long dura-
tion events, and this is reflected by the higher means in
5- and 10-day events for many regions. While the highest
mean RMED for 10-day events generally occurred dur-
ing 1991–2000, in most regions there has been an overall
increase in magnitude since 1961–1970.

A recent work (Allan et al., 2009) has correlated
this inter-decadal variability with fluctuations in large-
scale teleconnection patterns, such as the North Atlantic
oscillation (NAO). The winter NAO index for the period
from 1961 to 1990 was positive for several consecutive
years interspersed with solitary negative winters, with
few years experiencing particularly high or low index
values. In contrast, the most recent two decades have
experienced several exceptionally high and low NAO
years. When the NAO is negative, westerly winds tend
to be weaker leading to lower rainfall totals; the converse
tends to occur in positive NAO years, particularly in
western regions, with exceptional events in particularly
high NAO years such as 1991 and 1999. While the impact
of increasing global temperatures on the NAO signal
is not fully understood, the most negative winter NAO
indices on record for both 2008 and 2009, accompanied
by record global mean temperatures, also appear to have
led to exceptionally heavy events in both years.

Some of the changes in RMED are reflected in or
explained by the SMED indices. As peak short-duration
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Table I. Magnitude per year of linear trends calculated with a block bootstrap, of mean decadal RMED and SMED by region
over the period 1961–2009 for 1-; 2-; 5- and 10-day events.

Pooling region RMED Spring Summer Autumn Winter

1 d
SWE 0.01 (0.66) 0.01 (0.13) −0.07 (0) 0.05 (0) 0.08 (0)
SEE −0.05 (0.02) 0.01 (0.54) −0.12 (0) 0.04 (0.03) 0.09 (0)
CEE 0.01 (0.78) 0.01 (0.45) −0.05 (0.04) 0.1 (0) 0.07 (0)
NWE 0 (0.78) 0.02 (0.13) −0.15 (0) −0.06 (0.01) 0.16 (0)
NEE 0.08 (0.07) −0.03 (0.29) 0.07 (0.57) 0.04 (0.13) 0.16 (0)
NI −0.05 (0.07) 0.06 (0) −0.11 (0) −0.02 (0.55) 0.07 (0)
NS 0.1 (0) 0.08 (0) −0.02 (0.28) 0 (0.35) 0.16 (0)
SS 0.28 (0) 0.16 (0) 0.03 (0.15) 0.14 (0) 0.23 (0)
ES 0.18 (0) 0.14 (0) 0 (0.7) 0.16 (0) 0.12 (0)
2 d
SWE 0.02 (0.38) 0.06 (0) −0.12 (0) 0.1 (0) 0.19 (0)
SEE −0.11 (0) 0 (0.86) −0.17 (0) 0.01 (0.45) 0.19 (0)
CEE 0.05 (0.03) 0.02 (0.52) −0.08 (0.02) 0.11 (0) 0.1 (0)
NWE −0.01 (0.6) 0.05 (0.01) −0.19 (0) −0.07 (0.01) 0.23 (0)
NEE 0.16 (0) −0.04 (0.25) 0.06 (0.7) 0.09 (0.04) 0.2 (0)
NI −0.04 (0.15) 0.09 (0) −0.09 (0) 0.02 (0.92) 0.08 (0)
NS 0.04 (0.1) 0.08 (0) −0.04 (0.16) −0.04 (0.01) 0.22 (0)
SS 0.29 (0) 0.19 (0) 0.04 (0.06) 0.21 (0) 0.31 (0)
ES 0.17 (0) 0.21 (0) −0.07 (0.12) 0.22 (0) 0.14 (0.04)
5 d
SWE 0.14 (0) 0.2 (0) −0.14 (0) 0.29 (0) 0.27 (0)
SEE −0.03 (0.41) 0.03 (0.62) −0.21 (0) 0.02 (0.38) 0.24 (0)
CEE 0.16 (0) 0.07 (0.05) −0.04 (0.3) 0.14 (0) 0.13 (0)
NWE 0.18 (0) 0.15 (0) −0.18 (0) −0.08 (0.05) 0.57 (0)
NEE 0.3 (0) −0.01 (0.81) 0.08 (0.6) 0.19 (0) 0.27 (0)
NI 0.05 (0.17) 0.15 (0) −0.11 (0) 0.09 (0.2) 0.13 (0)
NS 0.21 (0) 0.25 (0) 0 (0.67) −0.1 (0.05) 0.58 (0)
SS 0.56 (0) 0.3 (0) 0.06 (0.2) 0.41 (0) 0.69 (0)
ES 0.26 (0) 0.21 (0) −0.01 (1) 0.42 (0) 0.22 (0)
10 d
SWE 0.26 (0) 0.38 (0) −0.25 (0) 0.34 (0) 0.33 (0)
SEE 0.04 (0.56) 0.1 (0.05) −0.2 (0) 0.06 (0.6) 0.23 (0)
CEE 0.18 (0) 0.15 (0.02) −0.09 (0.04) 0.25 (0) 0.13 (0)
NWE 0.3 (0) 0.24 (0) −0.36 (0) −0.03 (0.67) 0.89 (0)
NEE 0.34 (0) −0.01 (0.86) 0.06 (0.65) 0.3 (0) 0.37 (0)
NI 0.19 (0) 0.17 (0.03) −0.05 (0.19) 0.17 (0.03) 0.13 (0)
NS 0.39 (0) 0.37 (0) −0.06 (0.2) −0.2 (0.06) 1.01 (0)
SS 0.75 (0) 0.34 (0) 0.03 (0.51) 0.56 (0) 1.14 (0)
ES 0.34 (0) 0.31 (0) 0.03 (0.36) 0.54 (0) 0.25 (0)

The significance measure is included in parentheses; values ≤ 0.025 are significant against a two-tailed test.

events in the south and east mostly occur during late
summer and autumn, trends in summer/autumn SMED
match RMED trends for these regions. By contrast,
regions dominated by westerly weather, with the heaviest
rainfall occurring over longer durations in the winter,
have winter SMED increases comparable with those in
RMED.

Figure 5 indicates the typical seasonality of annual
maxima events for 1- and 10-day duration events over the
period 1961–2009. This illustrates how the seasonality
in eastern regions is dominated by events in the summer,
with 1-day events occurring later in the summer than 10-
day. All other regions tend to experience short-duration
events in late autumn, with little difference in timing

between the regions. 10-day events have a wider spread
of occurrence, ranging from late autumn to mid-winter,
again with similar seasonality for all western and northern
regions.

The few increases in summer SMED, although statisti-
cally significant, contrast with climate model projections
which suggest that the future climate is likely to bring
hotter, drier summers (Murphy et al., 2009; Hopkins
et al., 2010). However, the results presented above and
in later sections are premised on seasonal maxima rather
than seasonal mean rainfall and it is known that both
global and regional climate models are currently unable to
simulate summer rainfall extremes because of inadequate
parameterization of the convective processes (Fowler and
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Table II. Mean RMED per decade for the nine pooling regions for durations (a) 1-; (b) 2-; (c) 5- and (d) 10-day.

Pooling Region 1961–1970 1971–1980 1981–1990 1991–2000 2001–2009

(a) 1-day
SWE 37.8 38.1 36.1 38.4 40.8
SEE 32.7 34.6 30.3 32.5 33.9
CEE 32.0 31.1 30.7 33.2 33.4
NWE 42.2 40.9 41.5 41.2 44.1
NEE 33.4 32.6 34.7 33.1 40.9
NI 37.8 34.3 36.0 34.9 38.1
NS 41.2 40.5 44.0 44.3 39.2
SS 42.0 38.7 44.4 46.7 48.3
ES 34.0 32.5 36.1 37.6 39.3
(b) 2-day
SWE 48.5 49.9 48.4 50.3 50.1
SEE 43.2 42.4 39.7 39.6 42.1
CEE 39.5 38.6 39.7 41.8 43.9
NWE 54.8 54.6 54.8 53.4 57.2
NEE 41.5 41.0 46.1 45.4 52.5
NI 47.8 45.9 48.8 49.0 47.6
NS 57.9 56.3 60.4 57.7 57.9
SS 55.8 51.8 59.2 61.9 62.5
ES 46.1 44.3 46.9 47.8 52.3
(c) 5-day
SWE 67.8 72.9 73.9 74.4 74.4
SEE 56.8 59.6 56.9 57.2 58.3
CEE 50.7 53.2 53.2 56.9 61.3
NWE 82.0 80.5 81.1 85.5 90.3
NEE 57.4 57.4 59.1 64.2 72.8
NI 70.0 63.1 68.5 74.0 65.6
NS 86.7 86.3 95.9 96.8 87.2
SS 84.7 78.6 92.4 98.1 96.7
ES 64.9 59.8 64.7 68.8 70.2
(d) 10-day
SWE 98.3 101.9 105.3 109.4 106.1
SEE 77.6 79.7 80.4 82.8 80.2
CEE 69.8 73.3 74.1 75.9 82.0
NWE 117.7 113.6 117.3 121.4 129.8
NEE 78.2 78.6 78.2 85.9 93.3
NI 94.6 89.2 94.1 101.3 96.7
NS 125.7 128.5 139.6 145.1 130.5
SS 120.8 114.9 137.5 141.1 136.8
ES 87.3 78.8 87.6 87.4 95.7

The highest value of decadal RMED is shown in bold for each case. (Update of FK2003b Table III)

Ekström, 2009). Enhanced global mean temperatures are
likely to cause a reduction of mean summer rainfall; how-
ever, a recent work has demonstrated that changes in
extreme rainfall are likely to be greater than those in
the mean (Allen et al., 2002; Allan and Soden, 2008).
At higher latitudes, where the moisture-adiabatic lapse
rate is less important (Pall et al., 2007), changes will
be governed by the Clausius–Clapeyron relationship
that describes increases in atmospheric moisture capacity
as a function of temperature increase (Trenberth et al.,
2003). This would lead to increases in summer SMED
and return period magnitudes, despite a commensurate
increase in drought frequency (Frich et al., 2002). The
significant increases in winter SMED, especially within
Scotland and more upland areas, may have arisen from

less precipitation falling as snow (Jones and Conway,
1997).

4. Updated return period estimates
4.1. Changes in annual maximum return period
estimates

MLEs of the GEV parameters were calculated for each
of the regionally pooled, standardized AMAX series. The
fitted GEV curves for each region are very similar in
shape and scale to those obtained by FK2003b, confirm-
ing that no individual station maxima have a dominating
influence on the fitted distributions and that notable dif-
ferences are likely to result from the addition of the
2000–2009 data. Figure 6 shows regional return period
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Figure 5. Regional timing of extreme rainfall events over the period 1961–2009 from (a) 1-d annual maxima and (b) 10-d annual maxima. Months
are arranged radially with event frequency on the horizontal axis. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

Figure 6. Fitted annual maximum GEV distributions 1961–2009 (using regional mean RMEDs). Update of FK2003b Figure 5.

estimates calculated from GEV growth curves multiplied
by the regional RMEDs for the period 1961–2009 for
each event duration.

We observe no coherent pattern in the differences from
Figure 5 of FK2003b with respect to region or event
duration; most differences in estimated magnitude are
within the confidence limits and are either attributable
to natural variability or minor changes in the pooling
group. The SEE, NEE and ES regions exhibit the greatest
differences in return period estimates and the growth

curve shape. In SEE, all return period estimate curves
have become flatter, with the greatest decreases in the
upper tail of 1- and 2-day storms. Similarly, return period
estimate curves for NEE are flatter but with larger peak
values for all duration events. FK2003b reported that ES
had experienced very wet conditions during the late 1980s
and 1990s; Figure 6 indicates very little change from
Figure 5 of FK2003b as recent events in East Scotland
have not been as extreme and so had little influence on
the return period estimates for this region.
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Figure 7. Fixed decade changes in return period estimates using mean regional RMED: (a) NI region, 1-day; (b) ES region, 10-day; (c) NEE
region, 5-day; (d) SEE region, 1-day; (e) SS region 10-day.

4.2. Changes in decadal return period estimates

Differences between FK2003b estimates and the 1961–
2009 estimates were explored in greater depth by using
decadal changes to determine whether these result from
periodic fluctuations or are part of a longer term change in
behaviour. Two approaches were adopted: fixed decades
(years xxx1 to xxx0); and rolling decades employing
a sliding ten year window starting from 1961. The
standardized AMAX for the ith year of decade k, at site
j (Xijk) are calculated from the maximum rainfall for
that year Pijk and the decadal median AMAX for site j

during decade k, RMEDjk .

Xijk = Pijk

RMEDjk

The results of both analyses, as illustrated in Figures 7
and 8, emphasize the variability between decades and the
influence of exceptional years emphasizing the need to
use as large as dataset as possible (Institute of Hydrology,
1999). Five regions show notable increases in the maxima
and associated rolling decadal return period estimates
over the full analysis period (1961–2009): NWE, NEE,
SS and ES. Some regions (e.g. NI, ES) have sharp
changes which clearly indicate extreme events entering
and leaving the decadal calculations. The same features
are also evident in the fixed decade analyses, where
growth curves for the decade around the extreme event
are considerably higher than those for other decades and
could, if analysed in isolation, suggest a longer term
change in behaviour. Other regions which display less
contrast between the fixed decade estimates (e.g. SS) have
much more noticeable increases when the rolling decade
return period estimates are reviewed.

Fitted GEV curves for the SEE region were flatter
in comparison to other regions for all durations, most
notably for 1-day events (not shown); for full details
of the results please refer to Jones et al. (2010). While
the changes from decade to decade are small, the
overall change in the 10-year event estimate since 1961
shows a significant decrease of approximately 15 mm.
The flatter growth curve is a result of lower skew
(κ) in the data, i.e. the variance in event magnitudes is
decreasing, although the mean value may be heavier for
all maxima. This is also reflected in the rolling decadal
analysis (Figure 8(d)) by a reducing interval between
the magnitudes of return period estimates in each ten
year period and an apparent downward trend in the
magnitude of shorter duration events over 1961–2009.
The gradual increase in estimated event magnitude noted
by FK2003b for 5- and 10-day rainfall in SS has
continued into the most recent decade with a significant
increase in magnitude. The magnitude of the estimated
100-year event (1% annual probability) in 1961–1970
has increased in frequency over the analysis period
to approximately 10-years. Changes in return period
estimates for ES found by FK2003b are replicated here in
the rolling decadal analysis, with a peak over the 1990s in
5- and 10-day events (related to the events of September
1995) but then declining over the last decade. Despite the
recent decline, there is a significant upward trend both in
the estimated range and magnitude of events, with return
interval estimates increasing from 25-year (4% annual
probability) to 10-year frequency.

Figure 7 demonstrates that NEE fitted GEV dis-
tributions for fixed decades are progressively steeper
since 1961–1970, although direct comparison between
1961–2000 and 1961–2009 indicates flatter curves for
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Figure 8. Rolling decadal return period estimates fitted for 1961–2009: (a) NI region, 1-day; (b) ES region, 10-day; (c) NEE region, 5-day;
(d) SEE region, 1-day; (e) SS region 10-day.

the longer period. Inspecting the rolling decade results
shows that there has been an increase in the range of
return period estimates over the whole record in NEE
in addition to a significant upward trend with increases
in estimated event magnitude over the analysis period
ranging from 15 mm (1-day) to 55 mm (10-day).

The results for Northern Ireland are highly variable and
reveal no conclusive changes in return period estimates.
In this region, the 1- and 2-day events exhibit similar
behaviour in the rolling decadal distribution estimates,
with a step change in estimated magnitude at the end
of the first decade (1961–1970) of around 20–30 mm,
before continuing to vary about a lower median. This
pattern is not repeated in the 5- or 10-day events, which
peak later in the record; the longer duration events
are more suggestive of a continuous increase in event
magnitude over the full record period. The anomaly in
shorter duration events is attributable to two wet years
in 1968 and 1970 which have not been repeated in
recent years; a widespread storm on 16 August 1970 was
recorded at all gauges, with 110.5 mm falling at Lough
Mourne Reservoir.

Overall, the results from the rolling decadal analyses
indicate increases in estimated return period magnitudes
for all duration storms, particularly in the north and west.
Some regions, such as NI, are dominated by extremes
which occurred within a particular decade, and so the
changes are less certain. The fixed return period estimates
for all regions are also highly variable and dominated
by exceptional events such as those of the late 1990s;
however, it is not possible to attribute the cause of the
variability to one single atmospheric circulation pattern.

4.3. Changes in seasonal rainfall

Seasonal return period estimates were examined as
described above. As with the annual maxima return
period estimates, there is distinct decadal variability in
the results and some of the regions and seasons which
were previously identified by FK2003a as significantly
increased do not show a continuation of this trend. In
conjunction with the increases in SMED and supporting
the findings of other research (Maraun et al., 2008; Allan
et al., 2009; Hopkins et al., 2010) we find the greatest
increases to be for return period estimates in autumn and
winter long duration events.

As few UK annual maxima occur during the spring
months (Hand et al., 2004) most studies of seasonal
extremes have focussed on the common sources of
serious flooding, that is heavy rainfall during winter or
late summer/early autumn. However, FK2003a identified
increases in spring extreme rainfall over the period
1961–2000 for short-duration events around the UK,
as well as in longer duration events in the north and
west of the UK. Similarly, more recent work in the
UK (Biggs and Atkinson, 2011) found that where the
signal of change in spring maxima was previously weak
or inconclusive, there is now evidence of long-term
increases in the rainfall intensity. We found that estimated
event magnitudes for the 10 year return period have
marginally increased over the full record period in eastern
regions as demonstrated in Figure 9. The trends are
variable, with the largest significant increases in 5- and
10-day events and fewer significant results than for other
seasons arising from the high variability.
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Figure 9. Ten-year rolling period return level estimates for 1961–2009 for spring (a) CEE and (b) NWE regional 1-day; summer (c) NEE 5-day,
(d) CEE 1-day; Autumn (d) SS 2-day, (e) SWE 5-day; winter (f) SEE 5-day, (g) NEE 10-day.

Recent UK observations suggest that mean summer
rainfall has decreased in all regions, as has the percent-
age contribution of the heaviest events to total sum-
mer rainfall (Jenkins et al., 2010). Similarly, FK2003a
found that all durations of summer maxima consistently
decreased in magnitude through the period 1961–2000.
SMED behaviour suggests that recent summer maxima
and the resultant return period estimates have contin-
ued to decrease during 2000–2009 for most regions,
with minor increases in northern regions (NEE, SS, ES).
With the exception of those regions, and in common
with FK2003b, estimated return period magnitudes have

significantly decreased in the south and east for longer
duration events. Decreases of greater magnitude in the
longer duration events are anticipated with increasing
global mean temperature, as the limiting condition of
available evaporable soil moisture will become an impor-
tant factor (Allen et al., 2002).

Burt and Ferranti (2010) found that the contribution
of heavy events to total summer rainfall had increased
in the northwest corroborated here by an upward trend
in estimated extreme rainfall event magnitude for 5- and
10-day durations in NI and SS. Other regional variations,
such as increases in longer duration estimates in NEE
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Figure 10. 10-day duration regional return period estimates from five decadal periods: (a) autumn 25-year (4% probability); (b) winter 50-year
(2% probability).

and ES and little change in NS, are consistent with
Perry (2006) who reported similar variability in total and
maximum summer rainfall over the period 1914–2005 in
approximately the same regions.

Similar to the changes in spring extreme rainfall,
FK2003a found consistent increases in autumn rainfall
maxima across the country, a result supported by more
recent work (Maraun et al., 2008; Biggs and Atkinson,
2011). Figure 10(a) demonstrates that, as with spring
rainfall, the updated results have a high degree of
variability from decade to decade in 25-year estimates for
10-day rainfall; with a significant increase in estimated
event magnitude in all regions except NI, NWE and
SEE. However, as the record for Northern Ireland is
highly variable, with a corresponding irregularity in
the estimated return periods, it is difficult to detect an
underlying trend. In all other regions, there are increases
in estimated event magnitude between the baseline period
of 1961–1990 and the most recent results (Table III),
although some changes are persuasive they may appear to
be more significant due to the period of record examined.

The results for changes to winter extreme rainfall event
magnitudes in FK2003a were spatially variable, with
increases found in Scotland but little or no change found
in England and Wales. Osborn and Hulme (2002) found
that the proportion of rainfall from heavy events has
increased during the winter season across the whole UK;
this is supported for Northern Ireland and northern Eng-
land by more recent research (Burt and Ferranti, 2010).
Perry (2006) reported that, of all the UK regions, North

Scotland experienced the largest percentage increase in
winter rainfall in the period 1914–2004; increases in win-
ter total rainfall were also found in western parts of the
UK. Future projections for winter, the season most reli-
ably reproduced by regional climate models, show esti-
mated increases in magnitude of 15–30% across the UK
for the 1-day 5-year event by 2070 (Fowler and Ekström,
2009). Similarly, the UK Climate Projections estimate a
50% probability of increases in both mean and wettest
day winter rainfall in the order of 33% and 25%, respec-
tively, for the medium emissions scenario (Murphy et al.,
2009).

We found that all regions exhibit a significant increase
in estimated event intensity although with substantial
inter-decadal variability, e.g. SWE Figure 10(b). The
increase is least apparent in short-duration events in
NI, CEE and NEE where summer rainfall estimates
continue to dominate (Burt and Ferranti, 2010). Estimated
changes in event magnitude for the 5- and 10-day
25-year events over the full record are reported in
Table IV. With the exception of CEE and NI, where
the changes are negligible, the results are supportive of
previously observed increases in winter seasonal maxima
and consequent decreases in return period estimates.

5. Discussion

It is always easy to determine the presence of a trend
somewhere within a large data set, a phenomenon which
increases in tandem with the length of record (Benestad,
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Table III. Change in the estimated magnitude of 10-year and 100-year autumn rainfall events for (a) 2-day and (b) 5-day durations
for the baseline period 1961–1990 and updated maxima 2001–2009, with overall trend magnitude (and significance).

Pooling region Rainfall from the 10 year event (mm) Rainfall from the 100 year event (mm)

1961–1990 2001–2009 Trend mm/year 1961–1990 2001–2009 Trend mm/year

(a) 2-day
SWE 55.3 62.2 0.1 (0) 74.6 95.5 0.1 (0.55)
SEE 59.9 52.5 −0.23 (0.01) 99.9 72.9 −0.78 (0)
CEE 45.2 51.1 0.27 (0) 67.5 84.7 0.72 (0)
NWE 64.7 69.4 −0.05 (0.86) 87.7 99.3 −0.02 (0.81)
NEE 49.5 64.2 0.23 (0) 66.5 111.5 0.49 (0.01)
NI 65.0 58.9 −0.05 (0.25) 102.8 94.3 −0.57 (0)
NS 62.7 73.4 0.24 (0) 80.2 103.4 0.57 (0)
SS 61.4 77.2 0.33 (0) 76.2 104.0 0.54 (0)
ES 46.6 70.6 0.58 (0) 61.2 111.9 1.06 (0)
(b) 5-day
SWE 76.4 94.0 0.2 (0) 95.2 130.6 −0.04 (0.79)
SEE 77.0 75.9 −0.15 (0.04) 113.2 112.9 −0.26 (0.1)
CEE 58.0 67.0 0.32 (0) 76.5 98.4 0.69 (0)
NWE 98.3 104.6 0.02 (0.81) 134.1 144.6 0.18 (0.55)
NEE 68.9 84.9 0.43 (0) 86.5 136.9 0.99 (0)
NI 89.9 80.4 0.07 (0.55) 120.6 119.9 −0.12 (0.41)
NS 104.2 109.0 0.23 (0) 134.8 150.9 0.83 (0)
SS 95.6 114.6 0.8 (0) 116.3 145.8 1.45 (0)
ES 66.4 90.6 0.93 (0) 84.2 129.4 2.02 (0)

Table IV. Trend magnitude per year and significance in estimated event magnitude for 25-year events for 5-day and 10-day
winter.

Region Change in 5-day magnitude (mm) Change in 10-day magnitude (mm) Estimated new return period

mm/year Significance mm/year Significance

SWE 0.31 0.00 0.68 0.00 12 year
SEE 0.60 0.00 0.91 0.00 15 year
CEE 0.25 0.00 0.29 0.00 –
NEW 0.48 0.00 0.74 0.00 8 year
NEE 0.22 0.05 0.16 0.06 20 year
NI 0.35 0.00 0.23 0.00 –
NS 0.66 0.00 1.03 0.00 30 year
SS 1.28 0.00 1.23 0.00 8 year
ES 0.51 0.00 0.37 0.00 12 year

2003); however, it is more difficult to discern a consistent
signal of changes across multiple regions. By using
several different approaches, we have been able to
identify those periods of record which were exceptional,
e.g. events in NI in the early 1960s, from those which
may form part of a longer term change. We also
found that the influence of natural variability made
some previously clear trends (FK2003a, FK2003b) more
ambiguous, e.g. winter in East Scotland. Burt and Ferranti
(2010) examined the trends in heavy rainfall in several
long duration records for 1900–2009 across the north of
England, finding significant trends in maxima for some
gauges but not for others. RFA has the advantage of
removing the variability across a region (i.e. individual
peaks from single point observations) and allowing
greater certainty in magnitude estimates for high return
period events.

Methods to examine extreme rainfall can either quan-
tify the changes in frequency of event and the relation
to total rainfall, or the changes in estimated event mag-
nitude. The former, as employed by Burt and Ferranti
(2010) and references therein, is statistically interesting
and useful in assessing the likely insurance risk in a year.
However, in adapting to the requirements of the future,
practitioners require a quantifiable assessment of changes
in both frequency and likely magnitude. The approach of
the current study in reviewing changes in seasonal max-
ima and the associated return period estimates begins to
address this need.

The GEV approach to estimate the probability of
different events is a well recognized tool, employed
both in statistical analyses and engineering applications.
A univariate analysis was used for this paper, fitted
to annual and seasonal block maxima. An alternative
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approach would be to account for the annual cycle of
rainfall using a model based on monthly maxima (Maraun
et al., 2009). While incorporating additional data will
enhance the parameter estimates (Coles, 2001), including
too many data points such as monthly maxima will
introduce ‘heavy’ as well as ‘extreme’ rainfall, reducing
the predictive power for higher return period events
(Smith, 1987). The sinusoidal function over simplified
the seasonal signal in the maxima, while improvements to
the model were not balanced by its increased complexity
when judged objectively using the Akaike criterion
(Akaike, 1974). As a result we opted to maintain the
simplicity of the univariate GEV analysis, applied to
extreme rainfall.

It could be argued that the use of fixed seasons for
the analyses is not appropriate if, as reported, spring and
autumn are becoming shorter in duration and so maxima
associated with different seasons may not be captured.
Seasonal differences will vary by spring ‘commencing’
over a period of weeks across the country, for example.
However, a fixed approach to the definition of seasons
gives a benchmark against which to compare the maxima
for all regions. Alternative approaches could include the
use of rolling 30- or 60-day maxima, or half yearly
maxima which would ignore changes in spring and
autumn; as spring maxima are rarely extreme (Hand
et al., 2004), the latter method might be appropriate. On
the other hand, the timing and magnitude of heavy rainfall
events are of great consequence to farmers as newly
planted crops are more vulnerable to extreme rainfall
(Rosenzweig et al., 2002). Furthermore, several recent
devastating UK floods have occurred during the autumn
and would not be effectively captured by a 6-month
approach. These considerations justify the use of shorter
fixed seasons in this study, leading to an earlier awareness
of potential changes in behaviour.

The upward trend in autumn maxima is of particular
importance to flood defence practitioners and farmers as
the timing of the events may have a significant impact
on harvests. The timing of autumn harvest and subse-
quent stubble burn in relation to extreme rainfall could
also have major impacts on rural flooding by affecting
surface runoff. Summertime increases in event magni-
tude, particularly in a hotter, drier future climate, may
have devastating impacts on future floods, particularly in
regions with clay soils that are more sensitive to desic-
cation. Similarly, many sewers in the UK have a design
capacity of the 30 year event; increased urbanization cou-
pled with more intense rainfall will lead to increases in
urban flooding. Even where flooding may not be an issue,
the enhanced hydrological cycle will cause an increase in
‘first flush’ pollution and so have a detrimental impact on
river water quality.

An interesting result of this study, which requires more
in-depth examination, is the influence of the NAO on the
frequency and magnitude of UK heavy rainfall. While
no formal analysis has been carried out to establish
the relationship with the NAO, the periodic oscillations
witnessed in all regional median maxima and return

period estimates appear to be particularly enhanced
during highly positive years, similar to the findings of
other research (Hannaford and Marsh, 2008). Correlating
the atmospheric drivers to the years with the largest
extreme rainfall maxima would be of great interest to
insurance companies who would be more prepared for
high loss years.

Extension of the analyses prior to 1961 would be a
valuable exercise as it would allow analysis of changes
over a longer period. However, verification of the AMAX
becomes more onerous with decreasing observation net-
work density. Jones et al. (2010) emphasized the impor-
tance of using a spatially distributed analysis set with a
minimum number of stations per regional pool; identi-
fying at least 15 stations with an uninterrupted, reliable
record becomes increasingly difficult in all regions prior
to 1961. Within the resources available for this study,
and given the potentially limited return from such effort,
it was not possible to backdate the data set.

6. Conclusions

This paper has presented the updated analyses of changes
in seasonal and annual maxima and the resultant estimates
of regional frequency analyses previously presented by
FK2003a and FK2003b, using fixed and rolling decades.
An understanding of both the seasonal frequency and
intensity of extreme rainfall events and trends in these
is important to policy makers, engineers and insurance
brokers alike in assessing future risks and appropriate
actions. Similarly, determining probable future seasonal
rainfall behaviour is of great concern to all involved with
water resource management, from water companies to
agriculture or water intensive industries.

There have been significant increases in annual max-
ima over the period 1961–2009, particularly in the west,
confirming trends that were apparent but possibly weak
in previously published work (FK2003b; FK2003a; Burt
and Ferranti, 2010). Updating the previous analyses is
timely, given the current focus by UK Governments and
local authorities on quantifying our vulnerability to cli-
mate change; these results in combination with future pro-
jections will assist water resource managers in planning
adaptation actions. Estimated return periods for South
Scotland have decreased over the period of record with
events formerly having a 1% annual probability now
having nearer to 10% probability of occurring. In East
Scotland, estimated magnitudes for 5- and 10-day events
are lower than those found previously (FK2003b), but
there has been a sustained increase in magnitude over
the full analysis period (1961–2009) and a decrease in
return period estimates from a 25-year (4% probability)
to a 10-year event (10% probability).

Increases in seasonal maxima and the estimated return
frequencies were found in the spring, autumn and winter
seasons, emphasizing the likely increase in northern
latitudes of wetter conditions (e.g. Alexander et al.,
2006). Results for the median summer maxima, and
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resultant estimates of event magnitude, are variable
across the country but in general point to an increase
in the highest intensity events. This result is particularly
pertinent in the light of recent summer flood events,
which could be set to increase in frequency if the trend of
high intensity rainfall preceded by prolonged dry spells
persists. Understanding the temporal link between very
heavy rainfall and catchment runoff dynamics, and hence
likely flood frequency, would be beneficial to adaptation
planners (Wilby et al., 2008), particularly as extreme
impacts often arise from sequences of less severe events
(Stephenson, 2008).
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