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Abstract

Cultural practices reliant on the formation of ice are likely to be affected by climate change across the world. Outdoor skat-
ing is a popular pastime in many regions of North America, Asia and northern Europe. Fen skating is a traditional sport
practiced in the flat area of east England, when shallowly flooded fields and meadows freeze to form large stretches of
ice. To assess the future of fen skating, climate metrics were constructed to capture the freezing conditions needed for fen
skating to take place. A skating freeze was defined as requiring the daily minimum temperature to be either (i) four nights
below -4 °C, (ii) three nights below -5 °C or (iii) two nights below -8 °C. The 12 km resolution UKCP18 dataset was used to
assess the frequency and duration of skating freezes in the fens for the period 1981 to 2079. Results from the 12 UKCP18
model members showed notable variability and only four model members successfully captured past skating freezes. Outputs
from these four model members showed a rapid decrease in the frequency and duration of skating freezes, raising concerns

over the future of this sport.
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Introduction

Frost events have long been of interest due to their deteriora-
tive effect on historic materials (Ingham 2005; Hallet 2006;
Grossi et al. 2007; Deprez et al. 2020; Richards et al. 2022).
However, freezing conditions are also important in enabling
cultural practices that rely on cold temperatures (Knoll et al.
2019). The formation of ice changes the way humans inter-
act with landscapes: waterways can become impassable to
boats, while the frozen surface can provide a new surface for
humans to use for transportation or recreation (Knoll et al.
2019). The formation of ice also allows winter sports such
as outdoor ice skating to be undertaken. Such sports can be
important in constructing a person’s or community’s sense
of place identity (Ramshaw and Hinch 2008).
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Climate change is causing longer warm seasons and
shorter cold seasons across the world (IPCC 2013). Ice is
particularly sensitive to increases in temperature and warmer
winters have caused a reduction in the number of frost events
in many regions including Europe (Grossi et al. 2007) and
Russia (Vyshkvarkova and Sukhonos 2023), with further
reductions projected over the twenty-first century (Rich-
ards and Brimblecombe under review; Grossi et al. 2007).
Research addressing the effect of warmer winters on cul-
tural practices has been tended to study high-value tourist
activities such as skiing (Scott and McBoyle 2007; Pickering
2011; Klein et al. 2016; Rutty et al. 2017; Steiger and Scott
2020) and snowmobiling (Scott et al. 2008; Wobus et al.
2017). However, ice skating is an important cultural practice
in many northern regions, including Canada, USA, Russia,
China, Japan, South Korea and northern Europe, with for
example the 200 km ice skating race through 11 Dutch cities
dating back to 1749 (Visser and Petersen 2009). Previous
research has assessed change in season length of outdoor
skating in countries such as China (Liu et al. 2017) and Can-
ada (Damyanov et al. 2012; Brammer et al. 2014; Robertson
et al. 2015), and on the occurrence of ice skating races in
Europe (Visser and Petersen 2009; Knoll et al. 2019). Nev-
ertheless, such research has not assessed the impact on the
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traditional practice of fen skating, despite the sport’s historic
role in founding the International Skating Union that helped
establish the Olympic Ice Skating movement, and continued
importance for UK ice skating (Atta 2022).

Fen skating is the traditional form of ice skating under-
taken in the fenland areas in the east of England. This form
of skating utilises the flat, low-lying nature of fenland land-
scape that makes the area prone to shallow flooding, provid-
ing ideal conditions for ice formation in winter months, par-
ticularly during the period of cooling in the Little Ice Age.
Skating takes place on flooded fields and meadows and was
originally undertaken using bone skates with metal blades
being used from the seventeenth century (Porter 1969). By
the late nineteenth century, several thousand people would
attend skating matches (The Littleport Society 2023). It also
was influential in the process of establishing the National
Skating Association in 1879, which was instrumental in pro-
viding greater regulation for the sport (Atta 2022).

Today, the enduring appeal of fen skating is seen with
both young and old taking to the ice as soon the conditions
permit skating to happen, with many keen to carry on the
fenland tradition (Phillips 2021). The local and national
newspapers frequently publish news stories on fenland skat-
ing when skating conditions occur (e.g. Elliott 2017; Weaver
2018; Phillips 2021) and older generations continue to pass
on stories of their fen skating adventures. Furthermore, fen
skating is represented in literary pieces and music with for
example Philippa Pearce’s Tom’s Midnight Garden (1958)
and Duncan Stafford’s Fen-Skating Suite (1990). Under-
standing how climate change may affect fen skating could
also act as an indicator for the future of other cultural prac-
tices that are dependent on specific weather conditions, such
as snow being required to create snowy winterscapes associ-
ated with Santa Claus and Christmas (Hall 2014), as well as
other practices, such as pilgrimages likely to be undertaken
in more extreme climates (Yezli et al. 2019; Saeed et al.
2021).

The effect of climate change on heritage has been
assessed using a range of methods including the use of archi-
val material, oral histories and interviews (Sloggett and Scott
2022). Computational modelling has also been used but has
predominantly been applied to tangible heritage objects and
sites (Leissner et al. 2015; Bretti and Ceseri 2022; Hart et al.
2023), although occasionally applied to aspects of intangi-
ble heritage (e.g. Brimblecombe and Hayashi 2018). While
quantitative modelling methods do not capture the diverse
and complex knowledge and experience inherent to cul-
tural practices, they can help us to understand how future
climate scenarios may alter environmental conditions that
are required for certain cultural practices to be performed.
Therefore, this research aims to assess (i) the ability of cli-
mate model outputs to capture past freezing events where
fen skating is known to have taken place; and (ii) how the
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frequency and duration of fen skating change between 1981
and 2079. The findings are important for assessing how cli-
mate change is likely to affect intangible heritage, both in
the UK as well as indicating directions of future change for
outdoor skating in other regions.

Method
Study area

The fens are located in the east of England, spanning across
an area of around 3900 km? in Norfolk, Cambridgeshire
and Lincolnshire. The area is characterised by low-lying
flat land that is commonly used for agriculture. The fens
are naturally marshy but were drained in the seventeenth to
nineteenth centuries, resulting in an extensive network of
drainage channels.

This study focuses on the area bounded by 52°15'N to
52°48'N and-0°12'E to 0°24'E (Fig. 1a), which includes
regions from all three fenland counties. The study area
includes key fen skating locations including the villages of
Upware, Welney, Whittlesey, Earith and Swavesey (Fig. 1b)
and aligns with the grid coordinates of the UKCP18 model
data.

Freezing conditions required for fen skating

During winter, shallow flooding is common on low-lying
fields and meadows. As ice needs to be a minimum of
40 mm thick to be suitable for fen skating, multiple nights
of freezing are required (Bishop 2022). Fen skating news
reports published in local newspapers (e.g. Cambridge News
and Eastern Daily Press) were used to construct a metric to
capture the climate conditions required for fen skating, here
named a skating freeze. A skating freeze requires the daily
minimum temperature to be either (i) four nights below -4 °C
(Bishop 2022), (ii) three nights below -5 °C (Elliott 2017;
Weaver 2018) or (iii) two nights below -8 °C (Weaver 2018);
and for little thawing to not occur during the following day
(Bishop 2022), here defined as the average daily temperature
not exceeding 2 °C. This metric assumes the presence of
shallow flooding in the area.

The conditions required to end a skating period are not
easy to measure as it is dependent on factors such as the
depth and area of ice (Damyanov et al. 2012). Therefore,
instead of calculating the absolute duration of skating
freezes, I follow Damyanov et al. (2012) in establishing a
proxy for the freeze length. Here, I calculate the number of
days before the first thaw day, where average daily tempera-
tures are equal to or greater than 2 °C. The number of actual
skating days is likely to be longer than this, particularly if
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Fig.1 The location of (a) the
study area in the UK and (b)
key fen skating locations in the
study area

(a)

there is thick ice, but provides an indication of how the dura-
tion of skating freezes may change over time.

All parameters are calculated from the start of July to
the end of June the following year so events for a whole
winter season are considered even if one freeze event was in
December and the next in February. For simplicity, the year
refers to the year at the start of the winter period (i.e. 1986
is for the winter of 1986/1987).

Model data

Model output data from the UKCP18 project was used to
assess changes in skating freezes. The UKCP18 project pro-
vides regional climate model projections for the UK, Chan-
nel Islands and Isle of Man for the period 1981-2079, with
future projections under a high emission scenario (RCP8.5)
(Met Office Hadley Centre 2018). The UKCP18 projections
have been developed from the UKCPQ9 project and aim to
give the latest assessment of how climate change over the
twenty-first century will impact the UK. They use the IPCC
standardised representative concentration pathways for their
model runs.

Outputs from the 12-km resolution projections were
used, meaning the study region was divided into twenty
12x 12 km cells. The 12-km resolution dataset was chosen
to accommodate the need for a continual dataset spanning
past and future time periods at a resolution small enough to

#1 o JWhittlesey

Earith 2

>

JSwavesey S |

capture variation within the fenland area. These UKCP18
projections are formed using the HadGEM3-GC3.05 global
climate model driven by a perturbed physics ensemble
to capture uncertainties in the model’s representations of
the climate system, coupled with the HaddREM3-GA705
regional model and HadREM3-RA11M convection permit-
ting model (Met Office Hadley Centre 2019). Thus, the 12
models, with Member IDs of 01, 04, 05, 06, 07, 08, 09,
10, 11, 12, 13 and 15, were used. Daily fields of minimum
and average temperature were obtained from the Centre for
Environmental Data Analysis (CEDA) archive [https://catal
ogue.ceda.ac.uk/uuid/589211abeb844070a95d061c8cc7f6
04] accessed in January 2023.

Skating freeze metrics were calculated for the 99 com-
plete winters in the dataset between 1981 and 2079 for each
of the 20 cells in the 12 regional models. Unless otherwise
stated, yearly model average was determined by calculating
the mean of the results for the 20 cells. Consequently, if in
a given year a skating freeze event was recorded in only one
cell, the average number of skating freezes per year would
be 1/20 (0.05), while if one skating freeze event had been
recorded in every cell in a given year, the average skating
freezes per year would be 20/20 (1).

To assess model performance, the number of modelled
skating freezes for the years 1981 to 2022 was compared
to known skating freezes. A range of sources including
local and national newspaper articles, Twitter posts from
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fen skating groups, videos of fen skating on YouTube
and online documentaries were used to compile a data-
base of known times when fen skating had taken place.
As fen skating is often recorded by local newspapers, key
word searches were undertaken in publications includ-
ing Cambridge evening news, Eastern Daily Press, Wat-
ton and Swaffham Times and North Norfolk News using
terms “Fen* skating” and “Ice Skating”. Cross-referencing
of skating dates between sources was undertaken where
possible.

Results from this database show that fen skating was
found to occur in the winters with a year start of 1985,
1986, 1987, 1995, 1996, 2008, 2009, 2011, 2012, 2017,
2020 and 2022. It was also reported that warm winters
between 2011 and 2017 prevented fen skating in these
years. A full list of findings is provided in Supplementary
Material (Table S1). While additional fen skating events are
likely to have occurred in other years, only the years where
the status of skating events are known are used to assess
model performance.

The database also highlighted that the occurrences of
skating freezes were not homogeneous across the whole of
the fenland area. Therefore, the criteria for model accept-
ance were developed so that not all areas of the study
area had to experience a skating freeze at the same time.
Instead, model acceptance was dependent on the model
having (i) an average number of skating freezes of > 0.2
for more than half of years where skating is known to have
occurred (excluding years 2011 and 2012 due to conflict-
ing reports); and (ii) an average number of skating freezes
0of <0.2 in more than half of years where warm winters
limited fen skating opportunities. A value of 0.2 was used
to acknowledge spatial variability in freezing across the
fens, with one freezing event in 1/5th of model grid cells
being seen as enough to satisfy freezing conditions. Out-
puts from models that passed the acceptance criteria were
used to calculate the number, duration and characteristics
of skating freezes per year for the complete dataset for
winters between 1981 and 2079.

The Mann—Whitney U test was used to assess for signifi-
cant difference over time and space due to the non-parametric
nature of the data sets. All tests were conducted at a 95% con-
fidence level.

Results

Model ability to capture skating freezes

Figure 2 shows the number of modelled skating freezes per
year between 1981 and 2022 for each of the 12 regional

UKCP18 model members. Outputs from the model ensem-
ble show that between zero and three skating freezes were
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modelled per year, with the majority of years having one
skating freeze or less per year. Model outputs tended to
show a greater number of skating freezes in the first two
decades and a period of no skating freezes in the 2010s
(e.g. Figure 2a, e—g, k, 1) although this was not uniformly
found (e.g. Figure 2c, j). Outputs from all models also
showed that the occurrence of skating freezes was not
homogenous across the study area, resulting in the aver-
age number of skating freezes to not be an integer amount.

Within the ensemble, there was large variability in the
occurrence of skating freezes, and few models consist-
ently captured skating freeze events in years when they
are known to have occurred (Fig. 2, Table S1). Only four
of the 12 models fulfilled the model acceptance criteria
outlined in the “Model data” section. These four models
were members 04, 05, 10 and 11 (Fig. 2b, c, h, i).

Frequency and duration of skating freeze events

Results from the four successful models show the number
of skating freezes per year decrease over the study period
(Fig. 3a). Model results indicate that there has already
been a significant decrease in skating freezes per year
between 1981-1999 and 2000-2019 (Mann—Whitney U,
n; =19, n,=20, U=98.5, p <0.05). Future projections
show that skating freezes will become increasingly infre-
quent until mid-century. Beyond mid-century, skating
freezes are projected to be a rare occurrence, occurring
only in localised parts of the study area.

The duration till the first thaw day is also shown to
decrease over the study period (Fig. 3b). Similar to the
results for the number of skating freezes per year, results
also show a significant decrease in the duration till the first
thaw day between 1981-1999 and 2000-2019 (Mann—Whit-
ney U, n; =19, n,=20, U=107.5, p <0.05). Beyond 2040,
the average duration till the first thaw day is less than 1 day,
suggesting that when skating freeze events do occur, they
will rapidly be subjected to thawing conditions.

The model outputs also show a notable reduction in
the skating freeze events triggered by temperatures falling
below -8 °C, -5 °C and -4 °C for 2, 3 and 4 days, respec-
tively (Fig. 4). The contribution of each event type remains
proportionally similar for the four decades, 1980 to 2010,
with the -4 °C events causing approximately 40% of the
skating freezes. From 2050 onwards, almost all skating
freezes are projected to be caused by the -4 °C freezing
events.

A declining trend is present across all areas of the study
region from more than five skating freezes per decade in
each area of the study region to less than one per decade
(Fig. 5). However, areas in the west were found to have had
significantly more skating freezes than areas in the east in
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Fig.2 Average number of modelled skating freezes per year in the Blue indicates periods where fen skating was known to take place and

study area from 1981 to 2022 for each of the 12 UKCP18 model red indicates years where warm winters prevented fen skating from
members. Standard deviations are indicated with light grey lines. happening
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Fig.3 a Average number of skating freezes per year and b average
duration till first thaw day for the UKCP18 model members 04, 05,
10 and 11 from 1981 to 2079. Standard deviations are indicated with
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Fig.4 Average number of modelled skating freezes per decade, cal-
culated from the UKCP18 model members 04, 05, 10 and 11. Results
are grouped by the type of freeze event that triggered the skating
freeze to occur
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2040 2060 2080

light grey lines. Blue indicates periods where fen skating was known
to take place and red indicates years where warm winters prevented
fen skating from happening

the decades 1980, 1990, 2000 and 2040 (Mann—Whitney
U, gy =10, 1o =10, U1959=5.5, U1999=12, Usppp=16.5,
Us040=19-5, P19so, 1990, 2000, 2040 <0.05), while in
warmer past decades such as 2010 and the other pro-
jected future decades, a lack of significant difference
was found due a reduction in skating freezes across
the whole area (Mann—Whitney U, n.,,=10, n,.=10,
Us010=33.5, Us030=30, Usg50=40, Us060=30, Usg70=45,

P2010, 2030, 2050, 2060, 2070 <005)

Discussion
Modelling of skating freezes

The UKCP18 dataset was used to assess the number of skat-
ing freezes in the fenland region of England. The results
from the 12 members showed a substantial variability
between models, with only a third of UKCP18 model mem-
bers successfully capturing skating freezes (Fig. 2). This
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westerly corner and (t) in the south-easterly corner, calculated from the UKCP18 model members 04, 05, 10 and 11

low rate of model success was somewhat surprising given
that temperature is normally well resolved within climate
models and that the 12-km resolution UKCP18 dataset has
been found to have a small cold bias in the fenland area
of up to-1 °C (Barnes et al. 2023). This dataset has also
previously been used to assess frost metrics in building
research (Lu et al. 2021) and viticulture (Nesbitt et al. 2022;
Llanaj and McGregor 2022), without such issues arising.
This suggests the occurrence of consecutive days of deep
freezes may be less well represented within the UKCP18
dataset. Improvements in modelling skating freezes might

be possible if additional parameters such as soil temperature
were included. This could be achieved by using a landscape
model such as The Joint UK Land Environment Simulator
(JULES) (Best et al. 2011; Clark et al. 2011).

The future projections based on a subset of four mod-
els show a rapid decline in skating freezes over the next
few centuries, following the global trends for an increase
in average temperature (IPCC 2021). Barnes et al. (2023)
show a greater increase in winter temperatures for the
UKCP18 future projections than the EuroCORDEX multi-
model ensemble between 1980-2010 and 2050-2080. In the

@ Springer



61 Page 8 of 10

Regional Environmental Change (2024) 24:61

fenland area, the difference is shown to be approximately
1 °C. This finding could suggest that the rate of decrease
in skating freezes in this study may be at the upper end of
future predictions and so even under a future high-emission
scenario, skating freezes may extend into the late twenty-
first century.

Modelling-based approaches inherently contain an ele-
ment of uncertainty. In heritage, understanding this uncer-
tainty is useful to assess the propagation of error into man-
agement or policy decision-making (Richards et al. 2023).
Here, the complex nature of climate and weather means
there is much uncertainty in projecting the absolute num-
ber of future skating freezes. However, despite the uncer-
tainty over the exact magnitude, the strength in the direction
of change of the number and duration of skating freezes
strongly indicates that we are heading towards a future world
where opportunities for skating freezes will become few and
far between.

Future of fen skating

Results from this study show that the frequency and duration
of skating freeze events have and will continue to decrease
through the twenty-first century. Cultural practices typi-
cally require a continuity of performance for knowledge
to be passed on (e.g. Pieroni 2016; Higgins 2022). For fen
skating, this knowledge includes both the skating technique,
as well as knowing the locations where good skating ice
forms. The cold winters of 1890 have been highlighted as
a period where there was “enough ice each year to last suf-
ficiently long for the people of the Fens to acquire great skill
in the old English pastime of speed skating”, with the large
stretches of ice in Cambridgeshire providing an ideal area
for people to learn to skate (Collingwood 1990, p110). With
fewer cold winters in the future, skating technique could be
learnt in an indoor rink, and building one in the fens is seen
by some as a way of continuing this fenland pastime (Lumby
2018). However, rink skating means that the practice is
removed from being embedded in the landscape. Skating
on a rink would not provide the same experience of antici-
pating the formation of ice; nor capture the large expanses
of ice that used to link together villages and enabled skaters
to cover 40 to 70 miles in a day (Lumby 2018).
Furthermore, without regular natural skating freezes,
knowledge of prime skating locations could be lost. Thus,
when a freeze event did happen, people might not be aware
of where to check for skating conditions. For example, in
rural Cambridgeshire, a leaning telegraph pole has become
a landmark for people meeting to skate (Moore 2023), but
without regular skating freezes such knowledge commonly
passed on via word-of-mouth might be forgotten. Therefore,
this study’s results are potentially even more concerning as
projections of skating freezes dropping below one or two
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events per decade by mid-twenty-first century might mean
that the knowledge could be lost, even if the conditions for
skating occur.

Conclusion

Climate change is projected to impact both tangible and
intangible heritage. While qualitative methods have been
used to explore the impact of climate change on individuals
and communities, this study uses a modelling approach. The
use of climate model data enables us to quantitatively assess
how past and projected future changes in climate affect the
likelihood of fen skating opportunities. Such results can be
incorporated in policy documents to provide robust figures
on climate change impacts on local practices. This approach
could similarly be applied to other cultural practices that rely
on certain climate conditions to be possible, e.g. the celebra-
tion of seasonal festivals.

This study also shows the importance for constructing
climate metrics that are relevant to specific heritage prac-
tices. By constructing a metric for the formation of fen ice,
which combines minimum temperatures with the number of
consecutive days of occurrence, results calculated from the
UKCP18 dataset showed a rapid decrease in the number and
duration of skating freezes between 1981 and 2079. Such
metrics enable local and site-specific knowledge to be incor-
porated within the analysis, enabling the metrics to become
increasingly tailored to heritage.

Furthermore, as skating freezes become more sporadic,
there is an additional risk that the knowledge and skill
required to practice fen skating might be forgotten. There-
fore, like many other forms of intangible heritage, the prac-
tice of fen skating needs to be frequently possible to ensure
that knowledge can be passed down between generations,
but this could become harder as cold winters become more
sporadic. Future work on the future of fen skating should
assess other parameters relevant to freeze events, which
have not been assessed here, such as flooding depth and soil
temperature.
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