University of
< Reading

Thunderstorm occurrence at ten sites
across Great Britain over 1884—1993

Article
Published Version
Creative Commons: Attribution 4.0 (CC-BY)

Open access

Valdivieso Da Costa, M. ORCID: https://orcid.org/0000-0002-
1738-7016, Owens, M. J. ORCID: https://orcid.org/0000-0003-
2061-2453, Scott, C. J. ORCID: https://orcid.org/0000-0001-
6411-5649, Hawkins, E. ORCID: https://orcid.org/0000-0001-
9477-3677, Burt, S. ORCID: https://orcid.org/0000-0002-5125-
6546 and Craig, P. ORCID: https://orcid.org/0000-0001-9213-
4599 (2019) Thunderstorm occurrence at ten sites across
Great Britain over 1884—-1993. Geoscience Data Journal, 6 (2).
pp. 222-233. ISSN 2049-6060 doi: 10.1002/gdj3.75 Available
at https://centaur.reading.ac.uk/85542/

It is advisable to refer to the publisher’s version if you intend to cite from the
work. See Guidance on citing.

To link to this article DOI: http://dx.doi.org/10.1002/9dj3.75

Publisher: Wiley

All outputs in CentAUR are protected by Intellectual Property Rights law,
including copyright law. Copyright and IPR is retained by the creators or other
copyright holders. Terms and conditions for use of this material are defined in
the End User Agreement.



http://centaur.reading.ac.uk/71187/10/CentAUR%20citing%20guide.pdf
http://centaur.reading.ac.uk/licence

University of
< Reading
www.reading.ac.uk/centaur

CentAUR

Central Archive at the University of Reading

Reading’s research outputs online


http://www.reading.ac.uk/centaur

0

Received: 28 February 2019 Revised: 14 May 2019 Accepted: 20 June 2019

DOI: 10.1002/gdj3.75

Geoscience
DATA SERVICE PAPER Data Journal SIIEY WILEY

Thunderstorm occurrence at ten sites across Great Britain over
1884-1993

Maria Valdivieso | Mathew J. Owens | Chris J. Scott | Ed Hawkins
Stephen Burt | Philip Craig

Department of Meteorology, University of

Readi . Abstract
eading, Reading, UK

The UK Met Office's Daily Weather Reports (DWR) contain extensive logs of UK
Correspondence thunderstorm activity. To date, only a very small fraction of these data have been
Mathew J. Owens, Department of L i .
Meteorology, University of Reading, digitized as part of the MIDAS dataset, and exclusively after 1950. Using the re-
Reading, UK. cently-scanned UK Met Office Monthly Weather Reports (MWR), which are based

Email: m.j.owens @reading.ac.uk on a subset of the observations that form the DWR, we here provide digitized data

and a summary of thunderdays from 10 long-running British stations over the period
1884-1993. The data are presented ‘as is’, with no attempt to provide any corrections
or calibration. For 4 of the 10 stations, thunderday observations were discontinued at
various times between 1949 and 1964, and it is necessary to switch to a neighbouring
station in order to continue the series. Approximately half the series exhibit sharp
drops in thunderdays at various points between 1960 and 1990, although none are
coincident with known station changes. Comparison with nearby MIDAS stations
suggests the low thunderdays are the result of changes in observing practice, rather
than genuine changes in thunderstorm occurrence. These potential data issues limit
interpretation of the long-term trends. However, it can nevertheless be concluded that
none of the stations show the expected increase in thunderdays as a result of the rise
in surface temperature over the 20th century. In order to provide more quantitative
determination of the long-term trends in thunderstorm occurrence, we advocate fur-
ther digitization efforts to recover the data from the numerous stations in the MWRs,

and subsequent analysis of the common signals across neighbouring stations.
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Thunderstorms are responsible for!some of the most ex-
treme precipitation events, while the associated lightning
strikes result in numerous fatalities, forest fires and infra-
structure damage (Aich et al., 2018). Thunderstorm oc-
currence and intensity are generally expected to increase
with climate change through increased convective avail-
able potential energy (e.g. Romps et al., 2014), though de-
creases from changes in cloud ice fluxes have also been
projected (Finney et al., 2018). It has also been suggested
that lightning feeds back on climate, through the produc-
tion of nitrogen oxides, which are strong greenhouse gases
(Price et al., 1997, Price, 2013). Interest in thunderstorm
occurrence also extends to putative external (solar) drivers,
which have been suggested on the basis of correlations over
limited spatial regions and relatively short temporal scales
(Stringfellow, 1974; Owens et al., 2014).

Thus, it is important to monitor long-term trends in thun-
derstorm occurrence. There are a number of observational
datasets which can be used for this purpose (Nag et al.,
2015). Radio networks, such as the UK Met Office Arrival
Time Distance network (ATDnet; Lee, 1989) and the World
Wide Lightning Network (WWLN; Rodger et al., 20006),
are able to determine individual stroke timing, position and

intensity over a large portion of the globe. From a clima-
tological perspective, however, these data have limitations.
The automated forms of the networks were generally initi-
ated in the 1990s or later, and as the networks have been
expanded their sensitivity has increased, often resulting
in an order of magnitude increase in number of detected
flashes over the same geographic location. Alternatively,
the optical signatures of lightning can be detected from
space-based platforms (Nag et al., 2015; Albrecht et al.,
2016). However, limited mission lifetime, changing instru-
ment sensitivity, and even, the growth of urban lighting
limit studies of long-term variability.

Alternatively, measurements of thunder can be used.
‘Thunderdays’ (Lewis, 1991; Burt, 2012; Prichard, 2016) are
constructed by a human observer simply recording a 1 or a
0 depending on whether or not they have heard thunder that
day (Brooks, 1925; Changnon, 1985; Kitagawa, 1989). These
observations are independent of lightning measurements, be
it visual identification of a flash or more recent radio-based
observations. In many respects, thunderday observations are
crude: They are local (an estimated 10-30 km audible radius
of thunder), dependent on the diligence and hearing of the
observer, and are low dynamic range, with storms producing
1 or 1,000 lightning strokes both registering a 1 in thunder-
days. Anecdotally, thunderdays are sometimes criticized as
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FIGURE 1 Spatial distribution of mean climate parameters over the period 1961-1990, from gridded Met Office station data. (a)

Thunderdays, annually averaged. (b) Mean maximum daily temperature, averaged over the summer months (JJA). Figures reproduced from: https://

www.metoffice.gov.uk/public/weather/climate/
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being subject to false positives from explosives or industri-
alization, but there is little evidence for this. Indeed, periods
of expected false positives, such as from widespread firework
displays on 5 November, so no such bias and may even lead
to an under-reporting (Owens, 2016). Thus, the dominant
dataset bias is likely to be false negatives from a lack of re-
porting of actual storms. Despite the limitations, thunderdays
remain invaluable for being reported in approximately the
same way for more than 100 years, providing the only pos-
sible means to quantify thunderstorm variability on decadal
to centennial time scales. A number of long-term (here taken
to be >50 years) thunderday records exist and have been an-
alysed for distinct regions (Brooks, 1925; Changnon, 1985;
Kitagawa, 1989; Enno et al., 2014) with both positive and
negative long-term trends reported.

For the UK, thunderdays from a limited number of Met
Office stations have been digitized from the Met Office
Daily Weather Reports (DWR) as part of the ‘Met Office
Integrated Data Archiving System (MIDAS) land and ma-
rine surface stations (1853—current)’ dataset, made available
by the NCAS British Atmospheric Data Centre (http://badc.
nerc.ac.uk). Figure 1a shows the spatial distribution of annual
mean thunderdays from the MIDAS dataset, over the period
1961-1990. There is a strong south-east to north-west trend,
with more than 14 thunderdays per year observed on average
in the south east, down to fewer than 4 thunderdays per year
in north-west Scotland. Figure 1b shows the mean maximum
daily temperature over the summer months (JJA), when the
majority of UK thunder occurs. There's clearly a good deal
of correspondence between maximum summer temperatures
and thunderstorm occurrence, as expected. However, the
east-to-west gradient appears stronger in the thunderdays,
suggestive of an additional contribution from atmospheric
dynamics.

In the MIDAS dataset, the earliest thunderday observa-
tions are 1950, where data are available from 9 stations, in-
creasing to around 100 until 1970, before peaking around 400
stations through 2000 and gradually declining to around 100
by 2010 (Owens, 2016). The decline in number of stations
reporting thunderdays is largely due to the adoption of auto-
mation at stations which were previously staffed by a human
observer. It should be noted that no single station within the
MIDAS dataset reports thunderdays contiguously through
the 1950-2010 period, meaning construction of composite
records is necessary for long-term studies.

The UK Met Office recently scanned the Monthly Weather
Reports (MWR), which are based on the climatological data
from selected stations which also appear in the DWR, over the
period 1884—1993. Publication of the MWR ceased in 1993,
though thunderdays are still recorded at some stations in the
DWR. Comparison of the MWR with the current MIDAS
dataset makes it clear that MIDAS only contains a small sub-
set of the total thunderday data present in the DWR. Note that
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for reasons of data homogeneity, throughout this study we
only consider thunderdays from MIDAS and MWR records
(and not information about lightning via automated systems
such as radio sferics, though that information will also be
available to some stations after around 1957), and thus, all
data here are based solely on manual human observers.

We select and digitize thunderdays from 10 long-running
stations in the scanned MWR. It is hoped that this study
will demonstrate the potential scientific value of these data,
though also highlight issues with individual stations and
hence provide the necessary motivation to rescue the remain-
der of the data. The study is structured as follows. Section
2 gives a summary of the thunderday station data digitized
from MWR, along with details of the digitization procedure
and additional MIDAS data used for validation. Section 3 pro-
vides an overview of the data in terms of annual and seasonal
variations. Section 4 makes comparisons between MWR and
MIDAS thunder data for the period of overlap (after 1957 for
the stations considered). The discussion of issues with the
data and possible ways forward is presented in Section 5.

2 | DIGITIZED THUNDER DATA
FROM MWR

The scanned Monthly Weather Reports (MWRS) are publicly
available from the Met Office Digital Library and Archive:
https://digital.nmla.metoffice.gov.uk/collection\_75a68cd2-
cabe-43a8-98bb-3919f51e59a9/. MWRs contain a general
summary of the monthly weather, including monthly maps
and monthly-averaged station data. These data are based on
a subset of the observations which form the DWR. Some of
this data already been digitized and made available as part
of the Met Office MIDAS database archived at the British
Atmospheric Data Centre (BADC) (Met Office, 2012),
available from http://catalogue.ceda.ac.uk/uuid/220a656152
18d5¢9cc9e4785a3234bd0. In particular, temperature, rain-
fall, and so on, are well represented within MIDAS in terms
of spatial and temporal coverage. However, only a small frac-
tion of the thunderday observations have been digitized, and
exclusively after 1950 (e.g. Owens, 2016).

In this study, we describe digitization of thunderday data
from the scanned MWRs. After 1883, the MWR contain tab-
ulated data as monthly totals of thunderdays at each station.
These data are not easily machine readable, thus all digitiza-
tion is done manually. Due to the labour intensive nature of
digitizing and checking the data, we here focus only on 10
long-running stations which provide sufficient data to calcu-
late averages for the full MWR time frame 1884—1993. Table
1 summarizes the 10 stations. Thunderday data for approxi-
mately 99% of the 110-year interval were reported at Wick,
Nairn, Aberdeen, Spurn Head, Holyhead, Yarmouth, Oxford
and Scilly St Mary's (though station replacement is required
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Summary of the 10 British stations at which thunderdays have been digitized from the Monthly Weather Reports

Original station Replacement station Total coverage

MWR lati- MWR longi- Start
Station name tude (MIDAS) tude (MIDAS) date Station details Latitude  Longitude
Wick MIDAS ID: 32 58.27 (58.45) —3.05 (-3.09) - - - - 99.17% (1,309)
Nairn MIDAS ID: 126 57.35 (57.59) —3.52 (-3.89) - - - - 99.62% (1,315)
Aberdeen MIDAS ID: 57.08 (57.16) —2.08 (-2.10) 1948 Dyce MIDAS ID: 57.21 -2.20 99.77% (1,317)
14,930 161
York MIDAS ID: 350 53.57 (53.96) —1.05 (—=1.09) 1964 Heslington MIDAS  53.95 —1.04 97.20% (1,283)
ID: 349
Spurn Head MIDAS ID: 53.35 (53.58) 0.07 (0.12) 1965 Hull MIDAS ID: 53.76 -0.36 98.56% (1,301)
16,595 369
Holyhead MIDAS ID: 1,145  53.19 (53.32) —4.37(-4.62) - - - - 99.70% (1,316)
Yarmouth MIDAS ID: 4,926 52.37 (52.79) 1.43 (1.43) 1950 Cromer MIDAS 52.93 1.29 99.09% (1,308)
ID: 426
Cambridge Bot Gdns 52.12 (52.19) 0.08(0.13) - - - - 96.89% (1,279)
MIDAS ID: 454
Oxford MIDAS ID: 606 51.46 (51.76) —1.16 (-1.26) - - - - 98.79% (1,304)
Scilly St Mary's MIDAS 49.56 —6.18 - - - - 98.86% (1,305)

ID: N/A

in some instances and there are issues of actual observational
coverage, both are discussed further below). Data for approx-
imately 97% of the 110-year sequence were reported at York
and Cambridge Botanic Garden. In both cases, the largest
gaps are at the end of the first decade, from 1898 through
1900. The available MWR metadata indicates that the gov-
erning authorities of these stations have changed numerous
times during the period of consideration, particularly in the
early 20th century.

Observations from 4 of the 10 stations ceased at vari-
ous times between 1949 and 1965, shown as dashed ver-
tical lines in Figure 2 and detailed in Table 1. For each
of these four stations, we identified the nearest station in
the MWR that was reporting thunderdays at that time, and
continued the series using this substitute. In the remainder
of the study, we refer to these composite stations by the
original MWR station name only. Aberdeen ceases to ap-
pear in the MWR in 1948, but the Dyce station is station
is close and so is a natural replacement (Geddes, 1955).
Similarly, the replacement of York with Heslington in 1964
would not be expected to result in large systematic changes
in thunder occurrence. For Spurn Head and Yarmouth, the
replacement stations (Hull and Cromer, respectively) are
more than 30 km away and thus should not necessarily be
expected to experience the same thunderstorm conditions.
The change from Spurn Head to Hull also constitutes a
change from a coastal site to an inland site. Furthermore,
the Spurn Head/Hull, Aberdeen/Dyce and the Yarmouth/
Cromer switch overs could also produce changes in ob-
serving practice, with Spurn Head, Dyce and Cromer being

either coastguard or airfields, and thus more likely to pro-
vide well-staffed observational coverage. Despite these
concerns, Figure 2 shows that none of these substitutions
result in obvious changes in the reported annual mean thun-
derdays. Indeed, the total number of thunderdays in the 5-
year intervals before and after each station change agrees
to within 10\% in all cases, which is within the 5-year vari-
ability of thunderdays reported at the original stations prior
to 1950. While this certainly does not rule out the possibil-
ity that a systematic bias has been introduced, it must be
small in comparison to the stepwise changes seen later in
the series and discussed in more detail below.

We here note that there is a known issue with thunderday
reporting at one of these stations. At Oxford, routine thun-
derday recording ceased in 1985/1986, though it was still
sporadically reported after that time (Burt and Burt, 2019).
Thus, from the MWR alone, this station appears to continue
as normal through this transition. Of course, similar changes
of which we are unaware may also have also occurred at other
stations. Thus, it is useful to consider Oxford, with its known
thunderday reporting issues, as one of the MWR in order to
determine the degree to which unknown data problems can
be detected.

The red dots in Figure 3 show the locations of the 10 dig-
itized MWR stations. Black dots show the MIDAS station
network, with each dot representing a station which contrib-
utes at least one positive thunderday measurement within the
1950-2010 intervals. The circle surrounding each MWR sta-
tion represents a range of 30 km from the station, where addi-
tional thunderday data taken from the MIDAS dataset may be
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Annual summed thunderdays

Wick

1894

Aberdeen

1994

Spurn Head

1984
1994

Yarmouth

Oxford

1914
1934

30
o5 I Annual sums
c 20 Lowpass (5 years)
‘s 15
Z 10
5 »
0<r<r<r<r<r<r<r<r<r<r<r
VOO T~ AN MWW ON 0D
W 0 O OO O O O O O OO
—Fr e, - -

York

Holyhead

Cambridge

1924

St Mary's

° - it

<
(2]
[=2)
—

1984

FIGURE 2 Time series of annual summed thunderdays from the 10 individual MWR stations (listed in Table 1) over the entire MWR period
1884—1993. The red bars show years of complete data coverage, whereas black bars show years with one or more months missing. Thick blue

lines show 5-year running averages, with the requirement for at least 4 complete years of data. The black dashed vertical lines indicate times when

substitute stations were introduced

available for validation (Section 4). These additional MIDAS
neighbouring stations are not used in our monthly or annual
thunder series, only for assessing potential issues with the
MWR-based thunderday estimates.

3 | OVERVIEW OF THE MWR
THUNDER DATA

Figure 4 shows mean thunderday at the 10 British stations
over the periods 1884-1993 and 1961-1990, along with
yearly standard deviations about the means, representing

the interannual thunderday variability for these two peri-
ods. The stations have been ordered along the x-axis ac-
cording to their latitude, from north to south. Over the
whole 1884—1993 period, the latitudinal trend is in agree-
ment with that expected from the MIDAS data (Figure 3).
Over the modern period (1961-1990), the latitudinal trend
is significantly weaker, owing to suspected data issues dis-
cussed below. Over the 1884—1993, the MWR annual mean
thunderdays range from 11-12 in East England to 3—4 days
a year in Scotland. Western England/Wales sites, clos-
est to the Atlantic, have considerably fewer thunderdays
(<7 days a year on average at the Holyhead site) than that
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of East England stations, and also have small interannual
variability. These values are slightly lower than the annual
mean values in Figure 3a. This could be the result of the
MIDAS dataset including stations with only partial thun-
derday coverage through the year: For the almost complete
MWR data series (in terms of no missing months within
the MWR), annual mean values are essentially identical to

annual sums. This is not always the case for the existing
MIDAS data, where the annual mean can be significantly
greater than the annual sum, suggesting a bias towards re-
porting in the summer months.

The reduced mean annual thunderdays in the period
1961-1990 seems to imply a long-term downward trend in
thunderstorm occurrence. However, it is more likely to be a
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FIGURE 5 Monthly mean
thunderdays at the 10 MWR stations for
two periods of averaging. The period from
the start of the data sequence in 1884 up

to the first stepwise drop seen in the time
series (or 1960, if no stepwise drop has been
identified) is shown in white. The period
from the stepwise drop to the end of the
sequence in 1993 is shown in black. The
red lines show the mean of the regional
maximum series, constructed from monthly
maximum thunderdays from MIDAS
stations within a 30-km radius of the MWR
station

Mean monthly thunderdays

reflection of changing observing practice in the late 20th cen-
tury. This can be more clearly seen by inspection of the time
series, shown in Figure 2.

Annual summed thunderdays for the 10 individual sta-
tions are presented in red (for years with complete data
coverage) and black (for years with one or more months
of missing data). Thick blue curves show 5-year running
means, with the requirement that at least 4 of the 5 years
are complete. The known issue with Oxford thunderdays
in 1985/1986 can be seen in the large decline in the 5-year
average thunderdays. However, there is no obvious change
in terms of the number of reported months (e.g. 1987-1993
are complete years in terms of data coverage), making it
difficult to algorithmically identify similar problems in
the other MWR series. Visual inspection of the time se-
ries strongly suggests a change in thunderday observing/
recording practice at Cambridge around 1960-1962. As
with Oxford, this is not associated with fewer reported

Data Journal

Holyhead |& ./ »

Oxford St Mary's

months of data. At Spurn Head, there is a steep decline
in reported thunderdays in 1969, though unlike Oxford
and Cambridge, the number of thunderdays appears to re-
cover by 1989. Shorter drops in reported thunderdays are
present at Yarmouth and York around 1971 and 1976 re-
spectively. From these MWR data alone, it is not possible
to conclude whether these features are real or issues with
reporting and data collection. Similarly, we cannot conclu-
sively determine the origin of an approximately 25% de-
crease in annual thunderdays reported at Aberdeen around
1960. Comparison with the available thunderdays at nearby
MIDAS stations is presented in the next Section.

Holyhead, Wick, Nairn, Holyhead and St Mary's do not
show any obvious data issues, though the generally lower oc-
currence of thunder at these sites may mean any issues are
more difficult to identify.

Figure 5 shows the annual cycles in thunderdays, split
into two periods: Prior to and after potential issues identified
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in the time series, above. For stations where there is no
obvious step-change in the time series (i.e. Wick, Nairn,
Holyhead, St Mary's), annual cycles are considered before
and after 1960, the earliest potential issue at the other sta-
tions. As expected, the late spring, summer and early au-
tumn thunderdays are greatly reduced at Aberdeen, York,
Spurn Head, Cambridge and Oxford after the identified
data issues. Yarmouth, however, shows a similar annual
cycle before and after the identified problem, suggesting it
was a short, transient issue.

In the period prior to any potential data issues, the annual
cycles predominantly follow expected seasonal changes in
convective activity, peaking in the summer months for the
central and eastern England. The Scottish sites, also situated
toward in central and eastern regions, show a similar pattern
though at greatly reduced amplitude. Holyhead and St Mary's,
the only western sites, show a qualitatively different pattern.
Less convective activity in the summer months means the
summer peak in thunderstorm activity is greatly reduced.
In the winter months, however, convective/showery activity
in polar maritime air, particularly near active cold fronts or
troughs means thunderstorm activity continues at higher lev-
els than central/eastern regions where such activity is often
quickly suppressed over land as the source of heating (rela-
tively warm seas) is replaced by cooler land (Barrett, 1976).

Annual summed thunderday

Cambridge

Yarmout
0

Oxford

4 |
DATA

COMPARISON WITH MIDAS

Validation of the MWR thunderday station data is possible
from the mid-1950s onwards, when additional thunderday
data are available from multiple neighbouring meteorologi-
cal stations as part of the existing MIDAS dataset. For 9
of the 10 MWR stations, we have been able to identify the
associated station ID in the MIDAS dataset, the exception
being Scilly St Mary's. The coordinates of stations are not
reported in each volume of the MWR, but collated approx-
imately every 10 years in a summary report. As shown in
Table 1, the latitudes and longitudes of the MWR stations
are often slightly different to the equivalent stations in the
MIDAS datasets. While this may indicate slight movements
of the exact station locations over the years, there are known
issues with the quality of the MWR metadata, which is the
more likely source of the discrepancies.

As expected, there is a high level of agreement over
the common period 1957-1993 between our MWR-based
thunderday data (shown as white lines in Figure 6) and the
DWR-based MIDAS data (red dots in Figure 6), at both the
interannual (Figure 6) and seasonal (Figure 5) timescales.

In this section, we further compare thunderdays at each
of the 10 MWR stations with all MIDAS stations (a) within

Aberdeen

FIGURE 6 Time series of annual
summed thunderdays from individual
MWR stations (white) and available
MIDAS neighbours within 30 km (coloured
symbols). The red symbols represent the
MIDAS data for the same MWR station
(listed in Table 1). MIDAS station IDs

are given in the figure legends. Scilly St
Mary's is omitted as no MIDAS stations are
available for comparison. Only the period of
overlap (i.e. after 1950) is shown
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FIGURE 7 Time series of annual
summed thunderdays from individual
MWR stations (white) and the MIDAS
regional maximum, constructed from the
highest monthly thunderday count from any
available MIDAS neighbours within 30 km
(red)

Annual summed thunderday

30 km range (denoted by red circles in Figure 3) and (b) with
at least 1 complete year of data between 1950 and 1993. For
the purpose of computing MIDAS neighbour stations, we use
the MIDAS coordinates of the MWR stations. This compar-
ison may help highlight station-specific issues. In particu-
lar, it is important to determine whether the sudden drops in
thunderdays at various times in the late 20th century at Spurn
Head, Cambridge and Oxford and, to a lesser extent, York
and Aberdeen, are the result of genuine changes in thunder-
storm occurrence or of (unknown) changes in measurement
or recording practice at those stations. (The known Oxford
1985 issue serves as a general test of this methodology.)

Figure 6 shows time series of annual-mean thunderdays
from MWR station data (except Scilly St Mary's), and the
corresponding estimates derived from the MIDAS neighbour
stations. There are two key points of note. First, the low thun-
derday counts at Cambridge after 1961, Oxford after 1985
and Spurn Head after 1969 are not unique to these stations;
Other independent stations within 30 km show similar low
thunderday counts. However, we cannot rule out the possibil-
ity that these other stations are also under-reporting. Second,
in all three cases, there is at least one neighbouring station
reporting thunderdays at a level comparable to the MWR sta-
tion prior to the identified issue.

Given false positives in thunderdays are rare (e.g. Owens,
2016), a reasonable approximation is that the highest report-
ing station in a given region produces the most compete re-
cord. This is shown in Figure 7, where the red line shows

N RMetS
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Holyhead

the annual regional maximum thunderday time series, con-
structed from the maximum monthly thunderday count from
any neighbouring MIDAS station. Figure 5 shows the mean
monthly counts in the same format. The time series of the
difference between the MWR and maximum MIDAS annual
summed thunderdays is shown in Figure 8.

Even a perfectly reporting individual station would be
expected, on average, to result in thunderdays slightly below
the regional maximum level, as the latter can sample from a
wider area. But the issues with Cambridge and Oxford are
nevertheless immediately apparent. Prior to 1961 and 1985,
Cambridge and Oxford, respectively, are within >50% of the
regional maximum values. But they drop to below 50% after
these dates. At Spurn Head, the under-reporting is apparent
for 1960-1974, but after this period there are insufficient
MIDAS neighbour stations to reliably identify issues with
this kind of analysis. The one Spurn Head neighbour appears
to be showing comparably low thunderday counts through the
1980s and 1990s. This highlights the need for a dense enough
network of observations to ensure at least one diligent obser-
vation site throughout the period of interest. At York, the drop
in thunderday counts around 1976 is not seen in the regional
maximum and the recovery in thunderdays in the late 1980s
remains low. At Aberdeen, there is good agreement between
the MWR record and the regional maximum, but as with
Spurn Head, the number of MIDAS stations is limited. Thus it
is unclear whether the under-reporting issues mask a genuine
decline in thunderdays through the late 20th century or not.
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5 | DISCUSSION

In this study, we have presented a brief summary of newly
digitized thunderday data from 10 stations from the UK Met
Office Monthly Weather Reports (MWRs) over the period
1884—1994. For 4 of the 10 stations, it was necessary to
switch to a substitute station at various points between 1949
and 1965. This does not appear to have introduced any signif-
icant biases, but as discussed below, digitization of a larger
number of stations would enable better quantification of this.

The digitized data are available from <on acceptance, data
to be deposited at BADC and link inserted here>. While the
data are presented ‘as is’, there are a number of features that
are likely the result of changes in observing and reporting
practice, rather than genuine changes in local thunderstorm
occurrence. In particular, at various times between the 1960
and 1990, there are clear stepwise declines in thunderdays re-
ported at Cambridge, Spurn Head and Oxford, and to a lesser
extent at Aberdeen and York. Yarmouth shows a decline lim-
ited to just a few years. At Oxford, the change in observa-
tional practice can be directly identified through additional
records and station meta-data (Burt and Burt, 2019) which
results in a lack of routine reporting of thunder. For other sta-
tions, the provenance is not known and the cause can be more

Aberdeen

FIGURE 8 Time series of the
difference between annual summed
thunderdays from individual MWR stations
and the MIDAS regional maximum,
constructed from the highest monthly
thunderday count from any available
MIDAS neighbours within 30 km. Only the
period of overlap (i.e. after 1950) is shown

Oxford

subtle. The veracity of thunderday data does not necessarily
require a change in official observing practice. A change in
observer or even the observer's living personal arrangements
(e.g. whether they are situated in the vicinity of the observing
site, and thus able to make effective 24/7 observers or not)
can have a significant effect. Such effects are extremely dif-
ficult to identify and attribute. Instead, we have made com-
parisons with thunderdays recorded at neighbouring stations
available as part of the MIDAS dataset after 1950. Of course,
the definition of ‘neighbouring’ is critical here. It must be
large enough that a sufficient number of additional stations
are available, but small enough that stations are expected
to experience the same synoptic weather conditions. In this
study, we have used a radius of 30 km, though as more UK
thunderday data are digitized, this could be relaxed. With
greater observation density, it may be possible to take a more
sophisticated approach to identifying proxy stations, for ex-
ample similar synoptic conditions, than a simple geographic
distance criterion. We also note that as there are no longer
any 24 X 7 manual observing sites in the UK Met Office ob-
serving network. Thus, high-quality observational records of
thunder occurrence from private citizens may be able to ad-
dress this problem, particularly for the modern period.

In the cases of Cambridge, Spurn Head, Oxford, York and
Aberdeen, other neighbouring stations report comparably
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low values in the late 20th century. However, with the shift
towards automated weather recording, it is perhaps not sur-
prising that multiple stations would under-report thunder
during this period. A better proxy for accurate thunderdays
may be the highest reporting station in the neighbourhood,
as false positives are rare (Owens, 2016). Using this mea-
sure, it is clear that the declines at Cambridge, Oxford, Spurn
Head and York are not genuine. At Aberdeen and Yarmouth,
further neighbouring stations are required. Clearly, these is-
sues merit further investigation and more in-depth validation
against either other (as yet undigitized) stations present in
the MWR or other independent thunderday records (e.g. the
TORRO network The TORRO group, 2018). The digitization
of a large number of stations from the MWR does not seem
amenable to machine-based approaches and would require
significant person hours to achieve manually, thus citizen sci-
ence projects may provide the best route.

An alternative to the labour-intensive ‘digitize every-
thing’ approach may be to more critically select stations for
their likely reporting quality, rather than length of time series
in the MWR. These stations could be used to establish base-
lines by which to compare other stations. Obvious choices are
Kew Observatory, which extends back to 1843, but closed in
1980. There is a long overlap with Heathrow (1949-2000),
which could be used to extend the record. Eskdalemuir and
Lerwick have been Met Office Observatory stations since
1910 and 1921, respectively, and thus may be expected to be
more likely to provide a consistent reporting level.

Detailed analysis of long-term trends in these 10 MWR
thunderday series is inadvisable until further validation and
calibration has been performed. However, by combining
the MWR records and the highest-reporting MIDAS neigh-
bours, broad conclusions can nevertheless be reached. Figure
5 compares the highest reporting record for the modern era
(1960—present) with the MWR records before any identifi-
able data issues (typically 1884—1959) and after identified
issues (typically 1960-1993). This clearly suggests the mod-
ern declines seen in most of the MWR series are not physi-
cal. But the agreement between the highest reporting MIDAS
neighbours and the early MWR series also suggests that there
has been no significant increase in UK thunderdays, as might
be expected from thermodynamic arguments under climate
change (Romps et al., 2014). Thus competing effects, such as
changing atmospheric dynamics and changing UK air mass
origins (Jones et al., 2013) or changes in the cloud ice flux
(Finney et al., 2018) must also be at play.
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