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Abstract

Severe flooding in the United Kingdom is often linked to the occurrence of

heavy rainfall events, which can be characterized by the synoptic scale meteo-

rological conditions over the North Atlantic region. Seasonal heavy rainfall

events (summer and winter 1-day maxima) were extracted from 125 locations

across Great Britain over the period 1950–2017. For each event, anomaly sea-

level pressure and 2 m air temperature conditions across the North Atlantic

sector were extracted. In contrast to earlier studies, these two datasets were

combined and clustered to identify how the pressure and temperature condi-

tions co-vary within each half-year to produce heavy rainfall events. Distinctly

different spatial patterns were found for four classes in summer and for three

classes in winter. For all classes there is a negative sea-level pressure anomaly

centred over or near the British Isles. However, whereas in summer the low

pressures are associated with either predominantly cold or warm anomalies

over most of the North Atlantic, in winter two phases of a smaller-scale four-

pole temperature pattern emerges. Nevertheless, for one of the winter classes

the cold anomaly over the northwest Atlantic is so deep, persistent and wide-

spread that, unusually for the winter season, a significant relationship between

the class's frequency of occurrence and the Atlantic Multidecadal Oscillation

(AMO) index is found (r = −.39). Further, for both seasons heavy rainfall

occurs when the AMO and the North Atlantic Oscillation (NAO) are in oppos-

ing phases. Particularly, positive NAO and negative AMO result in heavy rain-

fall in western Britain. Two classes in each season are consistent with positive

and negative phases of the NAO, and the two non-NAO summer classes are

associated with a northward extension of the subtropical high pressure and

heavy rainfall in the southeast. The association between heavy rainfall and

large-scale circulation and temperature drivers can find application in, for

example, weather generators.

KEYWORD S

AMO, classification, heavy rainfall, NAO, sea level pressure, temperature

Received: 4 June 2021 Revised: 9 October 2021 Accepted: 9 October 2021 Published on: 2 November 2021

DOI: 10.1002/joc.7414

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2021 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd on behalf of Royal Meteorological Society.

3190 Int J Climatol. 2022;42:3190–3207.wileyonlinelibrary.com/journal/joc

https://orcid.org/0000-0002-1709-5304
https://orcid.org/0000-0001-9294-5826
https://orcid.org/0000-0001-9423-5203
mailto:apb41@bath.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/joc


1 | INTRODUCTION

The impacts of extreme weather across the UK continue
to have severe economic and environmental conse-
quences. The cost of flood damage, often a result of heavy
rainfall, is expected to increase significantly in the future,
unless an average annual investment of £1 bn is made
(with a benefit to cost ratio of 9:1) to protect properties
and infrastructure in England up to 2065 (LTIS, 2019).
The danger to life can be shown by, for example, storms
Dennis and Ciara which hit the UK during February of
2020 and resulted in at least 5 fatalities and more than
£300mil in damages (Griffith, 2020). Considering the risk
to life and property, there is an inherent reason to try to
better understand the synoptic-scale mechanisms behind
heavy rainfall. However, with the climate also expected
to change in future, and current climate models being
better at predicting large-scale circulation patterns rather
than heavy rainfall magnitudes, these patterns of large-
scale forcings have received renewed attention as a
research topic. Specifically, the aim of this study is to
identify the key types of synoptic-scale meteorological
patterns, which cause heavy rainfall events in the UK.

Taylor and Yates (1967) reviewed several weather
and climate classification schemes based on the atmo-
spheric pressure pattern in the region around the
UK. They found that the existing procedures were
rather arbitrary and the methods almost indistinguish-
able from each other. Currently, the most popular
weather typology, by Lamb (1972), consists of manu-
ally classified weather records from 1861 to 1971 based
on their airflow patterns. Although Lamb's types
contain 27 categories in total, the bulk of the records
belong to one of seven main types of air flow classifica-
tion: cyclonic, anticyclonic, northerly, easterly, westerly,
north westerly and southerly (Lamb, 1965, 1972). Origi-
nally, these weather types were determined subjectively
until Jenkinson and Collison (1977) turned this into an
objective classification scheme by using mean daily
grid-point sea-level pressure. More recently, researchers
have extended the area of influence and/or used objec-
tive methods for classification to try to capture the syn-
optic scale processes which create weather events in the
UK. For example, Fereday et al. (2008) use k-means
clustering of sea level pressures (SLP) over the North
Atlantic to identify the SLP profiles for a set of 6 two-
month seasons. However, they were unable to identify
any common circulation types. Neal et al. (2016) identi-
fied eight distinct weather patterns which were reduced
from an original set of 30 classes through clustering on
the anomaly sea-level pressure patterns. Richardson
et al. (2017) compared the precipitation of events classi-
fied in each of the classes generated by Neal et al. (2016)

and found the reduced set of eight classes to show very
high intra-class precipitation variability. It may be that
including information also of moisture availability could
make for a more distinct classification scheme.

In a recent review, Gimeno et al. (2020) highlights
that the key sources of European moisture come from the
North Atlantic through either atmospheric rivers or
cyclonic activity. Lavers et al. (2011) first identified atmo-
spheric rivers by investigating the source regions of the
atmospheric moisture feeding heavy rainfalls in the
UK. Lavers et al. (2011) found that all ten of the largest
floods in the UK co-occurred with an atmospheric river.
These atmospheric rivers are long plumes of high-
concentrations of water vapour in the atmosphere which
originate from the tropics, moving northwards into the
mid-latitudes. However, the concept and definition of an
atmospheric river still does not provide clear evidence of
the synoptic scale driving process. Further to this, the
atmospheric river contribution to rainfall mainly occurs
during the winter half year when extratropical cyclones
(within which atmospheric rivers occur) are more preva-
lent (Lavers and Villarini, 2015) and hence do not explain
summer extremes.

Allan et al. (2019) investigated synoptic precursors of
extreme short-duration (3-hr) summer rainfall events in
the UK, including dew point temperature, evaporation,
geopotential height at 200 hPa and sea-level pressure
(SLP) anomalies, geopotential height anomalies, average
moisture and evaporation patterns over northwest
Europe and the North Atlantic. Their results reveal dif-
ferent conditions associated with intense rainfall events
in different parts of the country. For example, intense
rainfall events in both the South East of England and
western Scotland coincide with negative SLP anomalies
in the eastern Atlantic on the day prior to the event.
However, for intense rainfall events in the South East of
England the centre of this negative SLP anomaly is fur-
ther south than for events in western Scotland. Their
results highlight not only the regional homogeneity of
extreme events (e.g., Champion et al., 2019; Svensson and
Hannaford, 2019) in the UK but also their association
with particular synoptic scale atmospheric patterns. Simi-
larly, Ummenhofer et al. (2017) clustered SLP and precip-
itation patterns over Europe and identified a similar
northwest and southeast regional disparity across the
British Isles.

Alternative methods for investigating moisture
sources have included using small-scale air parcel track-
ing to generalize the key moisture pathways leading to
extreme events (Santos et al., 2018; Tan et al., 2018;
Barnes et al., 2019a; Barnes et al., 2019b). These methods
provide only the general movement of moisture in
the atmosphere, but Barnes et al. (2019b) identified six
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distinct groups of moisture pathways leading to events in
the UK. The key differences between the pathways were
length and direction of travel, but the results also showed
that the distributions of rainfall intensity varied between
groups, and spatially across the country.

Several studies have found that temperature and cir-
culation pattern influence rainfall magnitude. For exam-
ple, for southern Italy Greco et al. (2020) highlight the
importance of low-level (850 hPa) temperature for the
development of precipitation from convective systems
while synoptic system precipitation depend on the pres-
sure pattern. For the UK Blenkinsop et al. (2015) also
found a positive relationship between precipitation and
(local land surface) temperature during summer, but note
that such relationships were weaker in the remaining
seasons. Tramblay et al. (2013) built a rainfall frequency
model for southern France using temperature and pres-
sure patterns as co-variates for the model parameters.

The present study investigates the combined effects of
synoptic 2 m air temperature and sea level pressure pat-
terns in the North Atlantic region on heavy rainfall
occurrence across Great Britain. Temperature is used
instead of moisture, as initial investigations suggested a
strong relationship between the two over the ocean. By
using such a proxy, both moisture over the ocean as well
as temperature over the land can be captured by a single
variable, which simplifies our large-scale analysis. We
use a technique to simultaneously cluster both 2 m air
temperature and sea level pressure patterns across the
North Atlantic sector during heavy rainfall events. As far
as the authors are aware, this combined clustering
expands on all earlier weather typing studies for the area.
The clustering results in a range of combined synoptic
patterns, instead of a single composite pattern for each
driver separately as in, for example, the detailed sub-daily
summer rainfall studies of Allan et al. (2019) and Cham-
pion et al. (2019). Further, we investigate winter as well
as summer, but look at the coarser resolution of 1-day
rather than 3-hr rainfall events. An advantage of using
daily rather than sub-daily rainfall data is the higher con-
fidence in the data quality. In contrast to, for example,
Ummenhofer et al. (2017), the synoptic patterns are used
to identify differences in geographical extreme rainfall
distribution, as opposed to including the spatial rainfall
pattern as part of the clustering. The average wind
speeds/directions and 500 hPa geopotential height pat-
tern for each class are also investigated. Finally, the pre-
sent study relates the synoptic patterns to time and
climatic indices such as the North Atlantic Oscillation
(NAO) and the Atlantic Multidecadal Oscillation (AMO),
to investigate how long-term oscillations may influence
what synoptic temperature and pressure patterns cause
heavy rainfalls in different parts of Great Britain.

2 | DATA

Two types of data were used in this study: (1) individual
time series of seasonal (half-year) maximum 1-day rain-
falls at 125 locations in Great Britain, and (2) large-scale
gridded daily values of sea level pressure and air tempera-
ture data over the North Atlantic sector.

2.1 | Historical heavy rainfall events

Time series of heavy rainfall were extracted at 125 locations as
shown in Figure 1, chosen at equal 0.5� latitude and longitude
spacing. This equates to �35 km, depending on latitude.
Although gridded rainfalls are likely to lose some variability
compared with using station observations, they enable us to
extract rainfalls on an even grid across Great Britain. Seasonal
maximum daily rainfall (SMAX) series for both summer
(May–Oct) and winter (Nov–Apr) seasons were retrieved for
each location from the CEH-GEAR (Centre of Ecology and
Hydrology – Gridded Estimates of Areal Rainfall) (Tanguy
et al., 2019) dataset for the years 1950 up to and including
2017. The CEH-GEAR data uses a nearest neighbour interpo-
lation method on observed precipitation data from the Met
Office, to create a 1 km× 1 km cell grid of daily (09:00UTC to
09:00 UTC) total precipitation across the United Kingdom.
This grid is then normalized using average annual rainfall and
subsequently adjusted by monthly rainfall averages as
described byKeller et al. (2015).

Combining the seasonal maximum series results in a
total of (68 years * 125 locations=) 8,500 seasonal heavy
rainfall events. The first winter of the study period is only
4-months long (Jan-Apr), and Nov-Dec 2017 is not
included in the analysis. Of the 8,500 summer heavy
events there are 2,282 unique dates on which they occur.
Similarly, for the 8,500 winter heavy events there are
2010 unique dates. This is expected as locations within
the same hydrometeorological region are influenced by
the same atmospheric circumstances (Keef et al., 2009;
Champion et al., 2019) and therefore spatial dependence
will lead to a level of co-occurrence on the same day.
Unless stated, the rest of the analysis is carried out using
the series of unique dates, to ensure that a single wide-
spread event does not disproportionately influence the
results.

2.2 | Meteorological data

Daily (00:00 UTC to 00:00 UTC) mean sea level pressure
(SLP) and 2 m air temperature (AT) data were extracted
from the 2.5� gridded NCEP/NCAR Reanalysis 1 dataset
(https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.
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html) (Kalnay et al., 1996). This means the daily meteoro-
logical data precede the rainfall days by several hours,
but we consider the data sufficiently overlapping for our
purpose. The study area is limited to the region defined
by 10–70�N and −100 to 20�E, which covers the North
Atlantic sector and part of the neighbouring land areas
(see e.g., Figures 2 and 3). We chose to include Greenland
and part of North America to see if the temperature

patterns within the polar regions influenced the resulting
winter classes. Similarly, we included part of North
Africa to see if the temperature there would result in a
separate summer cluster for a Spanish Plume mecha-
nism. This means our study region is slightly larger than
the one considered by, for example, Allan et al. (2019).

For each heavy rainfall date a SLP and AT pattern
were generated, each with a resolution of 48 × 24 grid
cells. Following this, each cell's daily value was then stan-
dardized by subtracting the monthly mean and subse-
quently dividing by the standard deviation of that cell's
SLP or AT, respectively, with the mean and standard devi-
ation calculated over all the daily values in all years for
the calendar month in which the event occurred. Identical
fields were extracted from the NCEP/NCAR Reanalysis
1 dataset also for wind components and 500 hPa geo-
potential heights, which were used to help with the inter-
pretation of the resulting SLP and AT patterns.

To enable comparisons with larger scale climatic oscil-
lations, the North-Atlantic Oscillation (NAO) (NOAA
National Weather Service, 2005) and Atlantic Multi-
decadal Oscillation (AMO) (Enfield et al., 2001) indices are
extracted seasonally for both summer and winter, 1950–
2017. The NAO provided by NOAA (https://www.cpc.
ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml) is
generated using a rotated principal components analysis
as described by Barnston and Livezey (1987), which allows
the location of the pressure centres to differ slightly from
one season to another. The AMO, which is also provided
by NOAA (https://psl.noaa.gov/data/timeseries/AMO/), is
calculated using the weighted average over the North
Atlantic sea-surface temperature of the Kaplan SST V2
dataset (https://psl.noaa.gov/data/gridded/data.kaplan_sst.
html) (Kaplan et al., 1998).

3 | METEOROLOGICAL
CLUSTERING

Clustering on a combination of the anomaly SLP and AT
patterns is conducted to identify a set of distinct meteoro-
logical conditions associated with seasonal heavy rainfall
events.

3.1 | Feature set preprocessing

For each unique heavy rainfall day extracted from the
CEH-GEAR dataset, a single data array is generated by
flattening and concatenating the anomaly SLP and AT
matrix for that date. Each pixel in the meteorological
dataset have a size of 2.5� × 2.5�, equating to an image of
size 24 by 48 = 1,152 individual pixels. Because there are

FIGURE 1 The 125 locations in Great Britain at which series

of seasonal rainfall maxima are extracted [Colour figure can be

viewed at wileyonlinelibrary.com]
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two meteorological images, this results in each heavy
rainfall day being represented by a single vector of size
(2*1152=) 2,304, referred to as the event's feature vector.
An illustration of this procedure is shown in Figure 2,
and an example is given for flattening in Equation (1)
and combination in Equation (2).

Flatten

x1,1 � � � x48,1

..

.
xi,j ..

.

x1,24 � � � x48,24

2
66664

3
77775

0
BBBB@

1
CCCCA

= x1,1, � � �,x48,1, � � �,xi,j, � � �,x1,24� � �,x48,24
� �

= x1� � �,x1152½ �
ð1Þ

Combine x1, � � �,xm, � � �,x1152½ �, y1, � � �,yn, � � �,y1152½ �ð Þ
= x1, � � �,xm, � � �,x1152,y1, � � �,yn, � � �,y1152½ �

ð2Þ

Combining the event feature vectors, separately for each
season, results in 2 two-dimensional matrices where
each row represents the date of a heavy rainfall event in
the given season. These matrices are referred to as the
training sets. The dimensions of the training set matri-
ces are [N × 2,304] where 2,304 is the number of ele-
ments present in each heavy rainfall event feature set
and N is the number of unique heavy rainfall days in
the given season.

FIGURE 3 Sea level pressure patterns for the four summer classes, showing both the anomaly SLP (a) and raw SLP (b) patterns. The

percentages indicate the proportion of events in each class, and the dots provided in (a) denote anomalies significant at the 2% level based on

a two-sided Student's t test [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 2 Example of

feature set generation for a

given heavy rainfall event. This

procedure takes the SLP and AT

patterns, flattens them into a

single dimensional array and

finally concatenates them into a

final single dimensional array

[Colour figure can be viewed at

wileyonlinelibrary.com]
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3.2 | Pattern clustering

The procedure used to class the feature sets defined in
Section 3.1 is k-means (Lloyd, 1982) which requires a set
number of output classes (k) to be pre-specified. Class
models were generated for both summer and winter with
k ranging from 2 to 15 which are limits based on the
number of classes used by Neal et al. (2016) to allow for
differences in the data. However, Richardson et al. (2017)
show that only about four of Neal et al. (2016)'s 30 pat-
terns relate to heavy rainfall events, which indicates that
this may be a suitable number to consider. We found that
plots of root-mean squared error (RMSE) versus number
of clusters were not helpful for cluster selection in our
case (not shown). As expected the RMSE drops with
increasing number of clusters, but there is no clear break
point, possibly because using the distance metrics on
such high-dimensional data produce results which are
often noisy (Aggarwal et al., 2001). Instead, we subjec-
tively selected 3 classes for winter and 4 classes for
summer.

3.3 | Statistical analysis

We used correlation analysis to explore if the frequency
of occurrence of events in the identified classes is related
to the NAO and AMO climate indices. For this, we used
seasonally averaged indices of the NAO and AMO, and
seasonal counts of the number of events in each class.
Before the correlation analysis was undertaken, each
series was detrended. That is, the correlation analysis was
undertaken on the residuals from linear regressions of
each variable separately on time. p-values were estimated
using a two-sided Student's t test, and unless otherwise
stated a significance level of 5% was used.

4 | RESULTS

This section presents the results of the class analysis of the
daily anomaly sea-level pressure and 2 m air temperatures
across the North Atlantic sector, for the dates which coin-
cide with heavy rainfall events in Great Britain. Presented
below are the mean anomaly sea-level pressures and 2 m
air temperatures for each cluster, shown separately for
summer and winter. The average wind speeds/directions
and 500 hPa geopotential height pattern for each class are
also discussed. The relationship between the frequency of
occurrence of the events in each class and indices of the
NAO, AMO and time are then investigated. Finally, the
classes are compared for their spatial distribution of the
heavy rainfall events across Great Britain.

4.1 | Summer classes

4.1.1 | Meteorological conditions

Figure 3 shows both the anomaly and raw SLP patterns
for the four summer classes generated using k-means.
Each class is represented by the mean of all patterns
which are classified under the respective cluster. Com-
mon across all four classes is an area of low pressure
anomaly centred on, or to the north of, the British Isles.
In addition, Classes 1, 2 and 4 share a dominant high
SLP anomaly through Greenland and the Norwegian sea,
with Classes 1 and 4 also showing a low SLP anomaly
from the subtropical North Atlantic to northwest Europe.
In contrast, Classes 2 and 3 present a dominant high SLP
anomaly pattern across the sub-tropical Atlantic. Classes
1 and 3 largely reflect the expected anomaly patterns of
the negative and positive phases of the summer NAO,
respectively, with one anomaly centre over Iceland and
another to the southeast over the North Atlantic/Europe
(Figure 3a). Compared with the north–south gradient of
the winter NAO (e.g., Jones et al., 1997), the gradients of
Classes 1 and 3 are slightly rotated counter-clockwise,
which is typical of the summer NAO as described by, for
example, Folland et al. (2009). The two classes for which
an NAO interpretation is less obvious (Classes 2 and 4),
seem to be associated with a northward extension of the
positive anomalies of the subtropical high pressure. This
is shown as a north–south band of high SLP anomalies in
the mid-Atlantic in Figure 3a.

Considering the 2 m air temperature anomalies as
shown in Figure 4, the classes can be split into anoma-
lously warm and cool patterns with Classes 1 and 2 pre-
senting a generally warm North Atlantic region and
Classes 3 and 4 showing a predominantly cool pattern.
Common to all four classes is that there is an area of cold
anomalies to the west or northwest of the UK, which
contrasts with a warmer anomaly to the southeast. This
could signify the temperature contrast over a cold front,
which would typically result in heavy rainfall as it passes
eastwards across the UK.

The average wind vectors (superimposed in Figure 4)
of the relevant classes show the presence of cyclonic
activity near the British Isles, along with the indication of
anti-cyclonic activity in the subtropical North Atlantic.
The winds associated with the northward extended sub-
tropical high pressure for Classes 2 and 4 presumably
contributes to the development of the warm (cold) anom-
aly in the west (east) mid-latitude Atlantic. The direction
of flow for the low temperature zones to the west and/or
northwest of the British Isles has a northerly component
for all four classes and is sometimes directed towards the
British Isles.

BARNES ET AL. 3195
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The 500 hPa geopotential height fields shown in
Figure 5 indicate the directions of the paths travelled by
the mid-latitude cyclones that cause the heavy rainfall
events, even though they do not show the exact location
of the jet stream. Cyclones are steered by the airflow
aloft, which is parallel to the isolines of the geopotential
heights. The strong north–south contrast and zonal pat-
tern for Class 3 suggest storms are fast-moving on a
straight, westerly track across the Atlantic, turning north-
eastward in the vicinity of the UK. Classes 2 and 4 suggest
strongly meandering storm tracks (as also suggested by
the northward extension of the subtropical high pressure
in Figure 3), whereas Class 1 storm tracks seem more
weakly meandering.

4.1.2 | Class variability

The top row of Figure 6 shows how the frequency of
occurrence of the events in each summer class varies
with time, while the lower two rows show how the
detrended frequencies of occurrence vary with the
detrended indices of the NAO and AMO. The frequencies

of Classes 1 and 2 both increase with time, whereas the
frequency of Class 4 decreases and Class 3 shows no sig-
nificant temporal trend.

The events in Class 3, whose pressure pattern resem-
bles the positive phase of the summer NAO, show
directly opposite relationships with the NAO and the
AMO to those of Class 1, all significant at the 5% level.
This suggests that heavy rainfalls associated with the pos-
itive (negative) phase of the NAO is exacerbated by cold
(warm) temperatures in the North Atlantic. A possible
explanation for this would be the different tracks that
storms associated with the positive and negative phases
of the NAO track along, and the development of different
rainfall-exacerbating sea surface temperature anomalies
in the vicinity of Britain. The sea surface temperature
anomaly will in turn modify the temperature of the over-
lying airmass. For example, the locations of the low pres-
sure centres in Figure 3 suggest a more northward
location of storms for the positive NAO Class 3 than for
the negative NAO Class 1. Class 3 cyclones tracking east-
ward to the north of Scotland will drive cold waters
behind themselves towards Britain and warmer waters
ahead of themselves northward, where they will not

FIGURE 4 Sea-level wind speeds for summer classes. The sea-level wind speeds are overlaid on the anomaly temperature patterns for

each of the four summer classes, and the opacity illustrates the strength of wind between 2 and 8 m/s. Anomaly 2 m air temperature

patterns are shown without wind speeds, but with points denoting significance, in Supplementary Information S1 [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 5 500 hPa geopotential heights for each summer class [Colour figure can be viewed at wileyonlinelibrary.com]
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affect Britain. Further, the aggregated action of a succes-
sion of cyclones following a similar path may exacerbate
a developing sea surface temperature anomaly. Hence,
when the Atlantic is anomalously cold and the NAO is
positive, the cold anomaly to the northwest of Britain will
be exacerbated (Figure 4, Class 3), and this will also be
reflected in the air temperature anomaly.

In contrast, storms tracking along a path further to the
south will drive warm surface waters ahead of themselves
towards Britain, while a cold sea surface anomaly will be
generated behind the low-pressure centres (Figure 4, Class
1). Therefore, when the Atlantic is anomalously warm and
the NAO is in its negative phase, the warm anomaly to the
south of Britain will be exacerbated. There is some support
for this in Figure 7, when contrasting the temporal evolu-
tion of the temperature anomaly patterns for Class 1 (nega-
tive NAO) with those for Class 3 (positive NAO). For Class
1, and to some extent also for Class 2, the warm anomaly
off North Africa and western Europe intensifies and moves

northward towards Britain in the days prior to the heavy
rainfall event occurring, while a weak cold anomaly forms
to the northwest, behind the cyclone. However, for Class
3 the cold anomaly that develops to the northwest of Brit-
ain is more intense than the anomaly over and around
Britain. In this case, the cold anomalies west of North
Africa and western Europe seem to be unchanging in the
days prior to the heavy rainfall. Supplementary Informa-
tion S3 shows the corresponding development of sea level
pressure anomalies in the days prior to the heavy rainfall
event.

Both Classes 2 and 4 seem to be associated with a north-
ward extension of the subtropical high pressure in the
North Atlantic (Figure 3), and the 500 hPa geopotential
height patterns in Figure 5 support the suggestion of highly
meandering storm tracks. Cyclones following such paths
are likely to be slow-moving, which enables the accumula-
tion of very large rainfall amounts. Figure 8 suggests that
storms in these two classes result in heavy rainfall mainly

FIGURE 6 Seasonal frequency of occurrence of heavy rainfall events in the four summer classes as function of time (top row), and

detrended seasonal frequencies as a function of detrended NAO index (middle row) and AMO index (bottom row). The figure also shows the

correlation coefficient, R, and its associated p-value (P) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 2 m air temperature anomalies in the North Atlantic region in the 1, 3, 5, 7 and 9 days prior to the heavy rainfall event

occurring, for the four summer classes [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Geographical

distribution of heavy rainfall

events for each of the four

summer classes, for each of

13 administrative regions of

Great Britain (regions as in

Hollis et al. (2019)). A high

opacity indicates a higher

proportion of event occurrence
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in the south and east of Britain, which is consistent
with cyclones tracking across southern Britain. Mesoscale
convective systems, such as associated with the Spanish
Plume (e.g., Lewis and Gray, 2010), mainly occur in south-
ern Britain. However, although some classes have a warmer
average temperature anomaly in western Europe and/or
North Africa than others, the rarity of these events make it
difficult to link them to any particular class.

The geographical distribution of heavy rainfall events
associated with Class 3, whose spatial SLP pattern reflects
the positive NAO, is concentrated to the north and west
of the country (Figure 8). Here, heavy rain is likely pro-
duced along the fronts of cyclones travelling eastward, or
northeastward, along a path to the north, between Scot-
land and Iceland, as suggested by the location of the low
pressure anomaly in Figure 3 and the direction of the
upper-level airflow in Figure 5.

Heavy rainfall for Class 1 events, which are closely
associated with the negative NAO, are more evenly
spread across Britain (Figure 8). For this class, the loca-
tion of the low pressure anomaly in Figure 3 suggests a
track slightly further to the south of those in Class 3.

Figure S5 shows box-and-whisker plots of the standard-
ized summer rainfall maxima for the 13 regions, separately
for each of the four classes. There is not much difference in
the magnitude of the standardized rainfall maxima
between the regions, but rather, as shown in Figure 8, the
difference is in the frequency of occurrence. Because we
have not extracted a seasonal maximum for each class, we
are unable to do a formal frequency analysis.

4.2 | Winter

4.2.1 | Meteorological conditions

The anomaly and raw SLP patterns for the three winter
classes are shown in Figure 9. Both the anomaly and raw
SLP patterns show a low SLP value on, or northwest of,
the British Isles. In the raw patterns (Figure 9b) Class
1 shows a considerably stronger low SLP between Scotland
and Iceland than any of the other classes, a pattern which
is replicated in summer Class 3. The corresponding pres-
sure anomalies in Figure 9a show a similar pattern, with

FIGURE 9 Sea-level pressure patterns for the three winter classes, showing both the anomaly SLP (a) and raw SLP (b) patterns. The

percentages indicate the proportion of events in each class and the dots provided in (a) show the anomalies with a 2% significance value

using a two-sided Student's t test [Colour figure can be viewed at wileyonlinelibrary.com]
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strong negative anomalies between Scotland and Iceland
and positive anomalies over the Azores in the subtropical
North Atlantic. In contrast, the pressure anomaly pattern
for Class 2 shows positive anomalies over Iceland and neg-
ative anomalies to the south. The spatial patterns formed
by the pressure anomalies in Classes 1 and 2 are consistent
with the positive and negative phases of the NAO, respec-
tively (e.g., Barnston and Livezey, 1987). Class 3 has simi-
larities to the positive NAO pattern, but it is less
pronounced than the Class 1 pattern, and the centre of the
subtropical high pressure anomaly is shifted northeast-
wards, extending onto the Iberian peninsula and making
it more reminiscent of the rotated summer NAO pattern.

For all three winter classes, the large-scale tempera-
ture patterns shown in Figure 10 are reminiscent of the
Atlantic SST tripole pattern, with centres east of New-
foundland, near the southeastern coast of the
United States, and in the tropical eastern Atlantic
(e.g., Fan and Schneider, 2012). In addition, there is an
area north of the UK (sometimes extending south-
wards) with a temperature anomaly of the same sign as
the centre off the southeastern United States. The land
areas near the Newfoundland and tropical east Atlantic
tripole centres support the SST anomaly, but for the
other two centres the temperature of the neighbouring
land areas may differ. The wind pattern shown in
Figure 10 confirms a northeastward shift of the sub-
tropical high pressure for Class 3.

Locally near the UK, all three classes show warm
temperature anomalies either across the UK and/or to
the south, and southwesterly or southerly winds
transporting warm air towards the UK (Figure 10). For
all three classes there are cold temperature anomalies to
the west and/or northwest of the UK. The resulting tem-
perature contrast between these air masses provides

ideal conditions for heavy rainfall at the cold front or
low-pressure centre of a mid-latitude cyclone. Figure 9
suggests that for Class 2 the low pressure is located over
Great Britain, whereas for Classes 1 and 3 it is centred
further to the north and it may be the trailing cold front
that is mainly responsible for the heavy rainfall event. A
difference between Classes 1 and 3 is the strength and
location of the cold anomaly, which is relatively weak
and centred over Iceland for Class 3 but is very strong
and located to the southwest of Iceland for Class 1. The
temporal evolution of the temperature anomalies
(Figure 11) suggests that for Class 3 the anomaly
develops within the last few days before the heavy rain-
fall event occurs, but for Class 1 the cold anomaly has
existed in the same location for at least the past 10 days.
Supplementary Information S4 shows the corresponding
development of sea level pressure anomalies in the days
prior to the heavy rainfall event.

Figure 12 shows the 500 hPa geopotential heights for
the three classes. For Class 2 the figure suggests a
meandering storm track which is consistent with a nega-
tive NAO. In contrast, the storms for Classes 1 and 3 have
travelled along a nearly straight path from a westerly to
southwesterly direction.

4.2.2 | Class variability

The top row of Figure 13 shows how the frequency of
occurrence of the events in each winter class varies with
time, while the lower two rows show how the detrended
frequencies of occurrence vary with the detrended indices
of the NAO and AMO. The frequency of Class 1 increases
significantly with time, whereas the frequency of Class
2 decreases significantly and Class 3 shows no temporal

FIGURE 10 As Figure 6, but for the three winter classes. Anomaly 2 m air temperature patterns are shown without wind speeds, but

with points denoting significance, in Supplementary Information S2 [Colour figure can be viewed at wileyonlinelibrary.com]
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trend. The detrended event frequencies of Classes 1 and
2 show a moderately strong dependence (significant at
the 5 and 10% levels, respectively) with the detrended
NAO index, with Class 1 events occurring more fre-
quently during the positive NAO phase and Class 2 events
occurring more frequently during the negative phase.
This is consistent with the spatial SLP anomaly patterns
in Figure 9a. In contrast, for Class 3 there is no

significant correlation with either time or the two climate
indices.

Somewhat unexpectedly for winter, we find a signifi-
cant negative association with the AMO for Class 1. The
cold temperature anomaly in the northwest Atlantic for
winter Class 1 has persisted for at least 10 days
(Figure 11), and it is possible that it may be so long-
lasting and widespread that it influences the estimate of

FIGURE 11 2 m air temperature anomalies in the North Atlantic region in the 1, 3, 5, 7 and 9 days prior to the heavy rainfall event

occurring, for the three winter classes [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 12 500 hPa geopotential heights for each winter class [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 13 As Figure 6, but for the three winter classes [Colour figure can be viewed at wileyonlinelibrary.com]
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the AMO index for the season. The negative correlation
with the AMO, and the positive correlation with the
NAO, for Class 1 in winter is similar to the correlations
for Class 3 in summer. The pressure patterns for these
classes are also similar (Figures 3 and 9).

Comparing the frequency of occurrence regionally
across Great Britain (Figure 14) reveals different distribu-
tions for each of the three classes. Heavy rainfall events
in Class 2 show a preference for occurring in the south
and east, as can be expected for a SLP pattern reflecting
the negative phase of the NAO. The location of the SLP
anomaly in Figure 9 suggests cyclones are tracking across
Britain, and prolonged rainfall in eastern Britain often
occurs in onshore winds on the northern side of depres-
sions (e.g., Wheeler, 1997).

Class 1 events cause heavy rainfalls mainly in western
Britain, with their low-pressure centres located further
north compared with events in Class 2 (Figure 9). Class
3 events are concentrated in the far northwest, and
the spatial rainfall distribution is rather similar to
that for the summer Class 3 events. The SLP patterns
for both summer Class 3 (Figure 3) and winter Class 3
(Figure 9) display a slight counter-clockwise rotation of
the high pressure centre (shifted northeastwards from the
North Atlantic onto the Iberian peninsula) compared
with the more standard winter NAO pattern of Class 1.
This seems to shift the low pressure, and the main rainfall
area, slightly further north for Class 3 comparedwith Class 1.

Again, similarly to summer, there is not much differ-
ence in the magnitude of the standardized winter rainfall
maxima for the 13 regions, for the three winter classes

(Figure S6). The difference is in the regional frequency of
occurrence (Figure 14).

5 | DISCUSSION

Including 2 m air temperature across the North Atlantic
sector as an extra feature set to the meteorological clus-
tering, which is traditionally done only on atmospheric
pressure patterns, has provided a new view of the condi-
tions leading to heavy rainfall events in Great Britain.
The four identified classes in summer, and the three clas-
ses in winter, are each associated with different geo-
graphical distributions of heavy rainfall events. The
temperature and circulation patterns identified in this
study indicate local areas whose temperature and/or
pressure has the potential to be used as additional predic-
tors for weather generators such as for example described
by Serinaldi and Kilsby (2012). Future work could also
involve investigating the large-scale temperature and
pressure patterns predicted by global climate models, and
the expected effect these would have on heavy rainfall
characteristics in different parts of Britain.

In this context we compare the circulation patterns
derived in the present study using both the SLP and 2 m
air temperature anomalies, with the classes from previ-
ous studies which are based on atmospheric circulation
only, but for which the associated UK rainfall has also
been assessed (Sections 5.1 and 5.2). We then discuss the
sensitivity of the results to the choices of data and
methods (Section 5.3).

FIGURE 14 Geographical

distribution of heavy rainfall

events for each of the three

winter classes for each of

13 administrative regions of

Great Britain. A high opacity

indicates a higher proportion of

event occurrence
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5.1 | Summer

Neal et al. (2016) present 30 circulation patterns over the
North Atlantic – European region, for which Richardson
et al. (2017) calculate regional UK median rainfall and
rainfall variability (inter-quartile range). Our summer
Classes 1, 2, 3 and 4 show some similarities in SLP anom-
alies (Figure 4) and wind directions (Figure 5), with cir-
culation patterns number N28, N29, N21 and N11,
respectively, identified by Neal et al. (2016) (an ‘N’ has
been inserted before the pattern number to distinguish
them from our Classes). Richardson et al. (2017) show
that patterns N29 and N21 are both associated with high
rainfalls in most of the country, but for N29 particularly
in the south and east, and for N21 particularly in the
north and west. This is in general agreement with the
rainfall distributions for our Classes 2 and 3, respec-
tively (Figure 8). For patterns N28 and N11 Richardson
et al. (2017) find that rain mainly falls in the south and
east (similar to our Classes 1 and 4), but the median
rainfall is only moderate. However, the rainfall vari-
ability is rather high, which suggests that the patterns
include both wet and dry events. Since the Classes in
our study are by design associated with high rainfall
events, a contributing factor to distinguishing between
the wet and dry events in Neal et al.'s patterns may be
the temperature patterns associated with our Classes
(Figure 5).

5.2 | Winter

Despite the significant correlation with the NAO, the win-
ter Class 1 seems to have more similarities with Neal
et al. (2016)'s pattern N21 than with the six patterns they
label typical of the positive NAO phase; Class 1 has a
southwesterly, rather than westerly, wind direction over
the UK. The winter Class 2 has similarities to Neal
et al. (2016)'s pattern N11, and Class 3 to pattern N2
(which is similar to N21, but has a weaker low pressure).
The principal rainfall areas largely overlap for Class 1 and
N21 (north and west) and Class 2 and N11 (south and
east). The rainy regions for Class 3 and N2 are both mainly
in the north and west of the country, and for pattern N2
Richardson et al. (2017) again suggest a combination of a
moderate rainfall median and a higher rainfall variability.

For winter, further comparisons can be made between
our classes and those found by Ummenhofer et al. (2017),
who show circulation patterns and associated rainfall pat-
terns over Europe. However, these comparisons are less
clear due to the fewer and more generalized classes used
by Ummenhofer et al., and the disparity in spatial rainfall
domain. The circulation patterns (Figures 10 and 11) of
our Classes 1 and 3 both show similarities to UB and UE,

and Class 2 to UC, where Ui indicates pattern i in
Ummenhofer et al. (2017). The strongest similarities are
between Class 2 and UC, which is also reflected in the
regional distribution of rainfall which favours eastern and
southern Britain (Figure 14). Classes 1 and 3, and UB and
UE, all occur mainly in the north and west of Britain.

5.3 | Sensitivity of the results to data and
methods choices

The results of the study are sensitive to the selection of
data and methods. Non-stationarity of the data means
that the period of record used will influence the classifi-
cation results, including the derived quantities such as
rainfall magnitude and geographical distribution associ-
ated with each class. Figures 6 and 13 show how the
number of events in each class vary with time. We have
explored two potential co-variates that are known to
influence the region, the NAO and AMO climate indices,
but other oscillations and phenomena have not been
investigated.

Some subjective choices have been made regarding
the clustering algorithm, initialization conditions and the
preselection of atmospheric variables. The algorithm used
(k-means) will tend to generate clusters of roughly equal
size, and the results depend heavily on the initial number
of clusters chosen, k. In this study, we chose a k-value
based on subjective analysis of the clustering results, and
the results of earlier studies as discussed in Section 3.2.

Other factors which influence the sensitivity of the
analysis include the spatial domain and the product from
which the meteorological data was extracted. As we
wanted to investigate also the influence of temperature
on land areas neighbouring the North Atlantic, we
selected a larger domain than used in some earlier studies
(e.g., Richardson et al., 2017; Ummenhofer et al., 2017),
and this will have affected the results compared with
those studies. We used the NCEP/NCAR Reanalysis
1 product for the meteorological data, but different
results may have been found if, for example, a similar
reanalysis product from the European Centre for Medium
range Weather Forecasts (ECMWF) had been used, or if
moisture rather than temperature data had been used.

6 | SUMMARY AND
CONCLUSIONS

Meteorological conditions over the North Atlantic were
extracted from NCEP/NCAR Reanalysis Data (Kalnay
et al., 1996) for seasonal heavy rainfall events (summer
and winter 1-day maxima) at 125 locations across Great
Britain. The anomaly sea level pressure and 2 m air
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temperature patterns associated with each event were
clustered jointly to find how the meteorological condi-
tions over the North Atlantic sector co-vary to produce
heavy rainfall events.

Four classes were identified for summer. Two of them
suggest that heavy rainfalls are affected by opposing com-
binations of the seasonal NAO and AMO: negative (posi-
tive) NAO and positive (negative) AMO for Class 1 (Class
3). The remaining Classes 2 and 4 are both associated
with a northward extension of the subtropical high pres-
sure in the North Atlantic, highly meandering storm
tracks, and heavy rainfall predominantly in southeast
Britain. Although these classes are associated with oppos-
ing North Atlantic temperatures (Figure 4), only the
event frequency for Class 2 is significantly correlated
(at the 10% level) with the seasonal AMO.

Whereas in summer the temperature patterns show
either predominantly cold or warm anomalies over
most of the North Atlantic, in winter two phases of a
smaller-scale four-pole temperature pattern emerges.
This resembles the SST tripole pattern (e.g., Fan and
Schneider, 2012), plus a centre north of the UK with a
temperature anomaly of the same sign as the centre off
the southeastern United States.

The number of events in winter Class 1 shows signifi-
cant positive correlation with the NAO and negative corre-
lation with the AMO. There is a strong, widespread
and persistent cold anomaly in the SST centre off New-
foundland, which may influence the seasonal AMO index.
Heavy rainfall events mainly occur in western Britain. In
contrast, the number of Class 2 events is significantly (10%
level) negatively correlated with the NAO, and the
meandering storm tracks result in heavy rainfall mainly in
the south and east.

The pressure pattern for winter Class 3 shows some
similarity with that typical of the positive phase of the
NAO, but with the subtropical high-pressure anomaly
shifted eastwards onto western Europe. There is no corre-
lation with either the NAO or AMO. The pressure pattern
is similar to the summer Class 3 pattern, and both these
classes result in a strong focus of heavy rainfall events in
the northwest of Great Britain. The cold temperature
anomaly to the northwest of the UK develops over a mat-
ter of days prior to the heavy rainfall occurring, similar to
the events in summer, and in contrast to the longer-
lasting cold anomaly of winter Class 1.
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