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21 present‌ ‌a‌ ‌methodology‌ ‌for‌ ‌more‌ ‌efficiently‌ ‌sampling‌ ‌extremes‌ ‌in‌ ‌future‌ ‌climate‌ ‌projections.‌‌ 
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24 global‌ ‌simulations,‌ ‌providing‌ ‌a‌ ‌range‌ ‌of‌ ‌climate‌ ‌projections‌ ‌incorporating‌ ‌uncertainty‌ ‌in‌ ‌both‌‌ 

25 internal‌ ‌variability‌ ‌and‌ ‌forced‌ ‌response.‌ ‌However,‌ ‌this‌ ‌ensemble‌ ‌is‌ ‌too‌ ‌small‌ ‌to‌ ‌adequately‌‌ 

26 sample‌ ‌extremes‌ ‌with‌ ‌return‌ ‌periods‌ ‌over‌ ‌100‌ ‌years,‌ ‌which‌ ‌are‌ ‌of‌ ‌interest‌ ‌to‌ ‌policy-makers‌‌ 

27 and‌ ‌adaptation‌ ‌planners.‌ ‌To‌ ‌better‌ ‌understand‌ ‌the‌ ‌statistics‌ ‌of‌ ‌these‌ ‌events,‌ ‌we‌ ‌use‌ 

28 distributed‌ ‌computing‌ ‌to‌ ‌run‌ ‌three‌ ‌~1000-member‌ ‌initial-condition‌ ‌ensembles‌ ‌with‌ ‌the‌‌ 

29 atmosphere-only‌ ‌HadAM4‌ ‌model‌ ‌at‌ ‌60km‌ ‌resolution‌ ‌on‌ ‌volunteers’‌ ‌computers,‌ ‌taking‌‌ 

30 boundary‌ ‌conditions‌ ‌from‌ ‌future‌ ‌extreme‌ ‌winters‌ ‌within‌ ‌the‌ ‌UKCP18‌ ‌ensemble.‌ ‌We‌ ‌find‌ ‌that‌‌ 

31 every‌ ‌UKCP18‌ ‌extreme‌ ‌winter‌ ‌is‌ ‌captured‌ ‌within‌ ‌our‌ ‌ensembles,‌ ‌and‌ ‌that‌ ‌two‌ ‌of‌ ‌the‌ ‌three‌‌ 

32 ensembles‌ ‌are‌ ‌conditioned‌ ‌towards‌ ‌producing‌ ‌extremes‌ ‌by‌ ‌the‌ ‌boundary‌ ‌conditions.‌ ‌Our‌‌ 

33 ensembles‌ ‌contain‌ ‌several‌ ‌extremes‌ ‌that‌ ‌would‌ ‌only‌ ‌be‌ ‌expected‌ ‌to‌ ‌be‌ ‌sampled‌ ‌by‌ ‌a‌ ‌UKCP18‌‌ 

34 PPE‌ ‌of‌ ‌over‌ ‌500‌ ‌members,‌ ‌which‌ ‌would‌ ‌be‌ ‌prohibitively‌ ‌expensive‌ ‌with‌ ‌current‌‌ 

35 supercomputing‌ ‌resource.‌ ‌The‌ ‌most‌ ‌extreme‌ ‌winters‌ ‌simulated‌ ‌lie‌ ‌above‌ ‌those‌ ‌for‌ ‌UKCP18‌‌ 

36 by‌ ‌0.85K‌ ‌for‌ ‌daily‌ ‌maximum‌ ‌temperature‌ ‌and‌ ‌37%‌ ‌of‌ ‌the‌ ‌present-day‌ ‌average‌ ‌for‌‌ 
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58 1.‌ ‌Introduction‌ ‌ 

59 Weather‌ ‌extremes‌ ‌are‌ ‌one‌ ‌of‌ ‌the‌ ‌most‌ ‌damaging‌ ‌hazards‌ ‌that‌ ‌society‌ ‌faces‌ ‌at‌ ‌the‌‌ 

60 present-day‌ ‌‌(‌The‌ ‌Global‌ ‌Risks‌ ‌Report‌ ‌2021‌,‌ ‌2021)‌.‌ ‌Many‌ ‌studies‌ ‌have‌ ‌now‌ ‌found‌ ‌that‌‌ 

61 anthropogenic‌ ‌climate‌ ‌change‌ ‌is‌ ‌increasing‌ ‌the‌ ‌frequency‌ ‌and/or‌ ‌magnitude‌ ‌of‌ ‌certain‌ ‌types‌‌ 

62 of‌ ‌extreme‌ ‌weather,‌ ‌including‌ ‌heatwaves,‌ ‌extreme‌ ‌rainfall‌ ‌and‌ ‌droughts‌ ‌‌(Seneviratne‌ ‌et‌ ‌al.,‌‌ 

63 2021)‌.‌ ‌This‌ ‌has‌ ‌therefore‌ ‌resulted‌ ‌in‌ ‌a‌ ‌need‌ ‌to‌ ‌plan‌ ‌how‌ ‌society‌ ‌can‌ ‌adapt‌ ‌to‌ ‌the‌ ‌more‌‌ 

64 frequent‌ ‌or‌ ‌severe‌ ‌weather‌ ‌extremes‌ ‌projected‌ ‌to‌ ‌occur‌ ‌under‌ ‌continued‌ ‌greenhouse‌ ‌gas‌‌ 

65 emissions‌ ‌‌(M.‌ ‌R.‌ ‌Allen‌ ‌et‌ ‌al.,‌ ‌2009;‌ ‌Diffenbaugh‌ ‌et‌ ‌al.,‌ ‌2017;‌ ‌Rahmstorf‌ ‌&‌ ‌Coumou,‌ ‌2011)‌.‌ ‌In‌‌ 
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66 order‌ ‌to‌ ‌plan‌ ‌effectively,‌ ‌we‌ ‌must‌ ‌first‌ ‌understand‌ ‌and‌ ‌quantify‌ ‌how‌ ‌extreme‌ ‌weather‌ ‌events‌‌ 

67 are‌ ‌projected‌ ‌to‌ ‌change‌ ‌into‌ ‌the‌ ‌future.‌ ‌ 

68 In‌ ‌the‌ ‌United‌ ‌Kingdom‌ ‌(UK),‌ ‌a‌ ‌key‌ ‌part‌ ‌of‌ ‌this‌ ‌understanding‌ ‌has‌ ‌been‌ ‌informed‌ ‌by‌ ‌the‌ ‌UK‌‌ 

69 Climate‌ ‌Projections‌ ‌(UKCP)‌ ‌project.‌ ‌The‌ ‌most‌ ‌recent‌ ‌iteration‌ ‌of‌ ‌UKCP‌ ‌(UKCP18)‌ ‌was‌‌ 

70 released‌ ‌in‌ ‌2018‌ ‌‌(Lowe‌ ‌et‌ ‌al.,‌ ‌2018;‌ ‌Murphy‌ ‌et‌ ‌al.,‌ ‌2018)‌‌ ‌and‌ ‌included‌ ‌a‌ ‌number‌ ‌of‌ ‌novel‌‌ 

71 climate‌ ‌model‌ ‌ensembles:‌ ‌a‌ ‌set‌ ‌of‌ ‌transient‌ ‌global‌ ‌simulations‌ ‌from‌ ‌coupled‌ ‌climate‌ ‌models,‌‌ 

72 with‌ ‌15‌ ‌simulations‌ ‌from‌ ‌a‌ ‌single-model‌ ‌perturbed‌ ‌parameter‌ ‌ensemble‌ ‌(PPE)‌ ‌and‌ ‌13‌‌ 

73 additional‌ ‌simulations‌ ‌from‌ ‌CMIP5‌ ‌models;‌ ‌a‌ ‌set‌ ‌of‌ ‌12‌ ‌regional‌ ‌climate‌ ‌model‌ ‌simulations;‌‌ 

74 and‌ ‌a‌ ‌set‌ ‌of‌ ‌12‌ ‌convection‌ ‌permitting‌ ‌model‌ ‌projections.‌ ‌In‌ ‌this‌ ‌study,‌ ‌we‌ ‌focus‌ ‌on‌ ‌the‌ ‌set‌ ‌of‌‌ 

75 15‌ ‌PPE‌ ‌simulations,‌ ‌and‌ ‌our‌ ‌analysis‌ ‌and‌ ‌results‌ ‌build‌ ‌upon‌ ‌the‌ ‌information‌ ‌provided‌ ‌by‌‌ 

76 these‌ ‌global‌ ‌runs.‌ 

77 In‌ ‌particular,‌ ‌we‌ ‌are‌ ‌interested‌ ‌in‌ ‌how‌ ‌effectively‌ ‌the‌ ‌UKCP18‌ ‌PPE‌ ‌has‌ ‌sampled‌ ‌extreme‌‌ 

78 weather‌ ‌during‌ ‌the‌ ‌UK‌ ‌winter,‌ ‌and‌ ‌in‌ ‌exploring‌ ‌methods‌ ‌for‌ ‌improving‌ ‌the‌ ‌sampling‌ ‌of‌‌ 

79 extremes‌ ‌that‌ ‌could‌ ‌inform‌ ‌the‌ ‌design‌ ‌of‌ ‌future‌ ‌projections.‌ ‌To‌ ‌this‌ ‌end,‌ ‌we‌ ‌aim‌ ‌to‌ ‌provide‌‌ 

80 proof-of-concept‌ ‌of‌ ‌a‌ ‌methodology‌ ‌for‌ ‌generating‌ ‌large‌ ‌ensembles‌ ‌of‌ ‌extreme‌ ‌winters.‌ ‌We‌‌ 

81 first‌ ‌select‌ ‌three‌ ‌exceptional‌ ‌UK‌ ‌winters‌ ‌from‌ ‌the‌ ‌UKCP18‌ ‌PPE‌ ‌that‌ ‌occurred‌ ‌between‌ ‌2061‌‌ 

82 and‌ ‌2080‌ ‌(henceforth‌ ‌the‌ ‌“study‌ ‌winters”).‌ ‌We‌ ‌then‌ ‌use‌ ‌the‌ ‌sea‌ ‌surface‌ ‌temperature‌ ‌(SST)‌‌ 

83 and‌ ‌sea‌ ‌ice‌ ‌(SIC)‌ ‌fields‌ ‌from‌ ‌these‌ ‌winters‌ ‌to‌ ‌force‌ ‌very‌ ‌large‌ ‌perturbed‌ ‌initial-condition‌‌ 

84 ensembles‌ ‌using‌ ‌the‌ ‌HadAM4‌ ‌model,‌ ‌which‌ ‌has‌ ‌been‌ ‌implemented‌ ‌to‌ ‌run‌ ‌in‌ ‌the‌ ‌distributed‌‌ 

85 computing‌ ‌system‌ ‌‌climateprediction.net‌‌ ‌at‌ ‌the‌ ‌same‌ ‌horizontal‌ ‌resolution‌ ‌as‌ ‌the‌ ‌UKCP18‌‌ 

86 global‌ ‌simulations.‌ ‌This‌ ‌allows‌ ‌very‌ ‌large‌ ‌ensembles‌ ‌to‌ ‌be‌ ‌produced‌ ‌and‌ ‌is‌ ‌possible‌ ‌because‌‌ 

87 HadAM4‌ ‌requires‌ ‌less‌ ‌computational‌ ‌resources.‌ ‌These‌ ‌ensembles‌ ‌are‌ ‌intended‌ ‌to‌ ‌provide‌‌ 

88 numerous‌ ‌extreme‌ ‌samples,‌ ‌hence‌ ‌are‌ ‌called‌ ‌the‌ ‌“ExSamples”‌ ‌ensembles.‌ ‌We‌ ‌compare‌ ‌the‌‌ 

89 statistics‌ ‌of‌ ‌weather‌ ‌extremes‌ ‌in‌ ‌these‌ ‌ExSamples‌ ‌ensembles‌ ‌to‌ ‌both‌ ‌the‌ ‌corresponding‌‌ 
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90 extreme‌ ‌study‌ ‌winter,‌ ‌and‌ ‌to‌ ‌the‌ ‌whole‌ ‌UKCP18‌ ‌PPE‌ ‌2061-2080‌ ‌climate‌ ‌distribution‌ ‌in‌ ‌order‌‌ 

91 to‌ ‌answer‌ ‌several‌ ‌science‌ ‌questions:‌ ‌ 

92 ● Is‌ ‌the‌ ‌atmosphere-only‌ ‌model‌ ‌able‌ ‌to‌ ‌produce‌ ‌equal‌ ‌magnitude‌ ‌extremes‌ ‌to‌ ‌those‌‌ 

93 within‌ ‌the‌ ‌study‌ ‌winters‌ ‌from‌ ‌the‌ ‌UKCP18‌ ‌PPE?‌ ‌If‌ ‌the‌ ‌study‌ ‌winter‌ ‌lies‌ ‌outside‌ ‌the‌‌ 

94 atmosphere-only‌ ‌model‌ ‌distribution,‌ ‌this‌ ‌suggests‌ ‌the‌ ‌importance‌ ‌of‌ ‌coupling‌ ‌to‌ ‌a‌‌ 

95 dynamic‌ ‌ocean‌ ‌and‌ ‌other‌ ‌differences‌ ‌between‌ ‌the‌ ‌models‌ ‌for‌ ‌producing‌ ‌extremes.‌ ‌ 

96 ● Were‌ ‌the‌ ‌study‌ ‌winters‌ ‌truly‌ ‌exceptional,‌ ‌or‌ ‌could‌ ‌they‌ ‌have‌ ‌been‌ ‌even‌ ‌more‌ ‌extreme?‌‌ ‌  

97 ● To‌ ‌what‌ ‌extent‌ ‌did‌ ‌the‌ ‌SSTs‌ ‌and‌ ‌SIC‌ ‌during‌ ‌the‌ ‌study‌ ‌winters‌ ‌condition‌ ‌the‌ ‌extreme‌‌ 

98 response?‌ ‌ 

99 ● Is‌ ‌carrying‌ ‌out‌ ‌this‌ ‌type‌ ‌of‌ ‌experiment‌ ‌using‌ ‌a‌ ‌computationally‌ ‌cheaper,‌ ‌but‌ ‌less‌‌ 

100 modern,‌ ‌atmosphere-only‌ ‌model‌ ‌a‌ ‌better‌ ‌methodology‌ ‌for‌ ‌sampling‌ ‌extremes‌ ‌than‌‌ 

101 increasing‌ ‌the‌ ‌size‌ ‌of‌ ‌the‌ ‌UKCP18‌ ‌PPE?‌ ‌ 

102 In‌ ‌this‌ ‌paper,‌ ‌we‌ ‌first‌ ‌describe‌ ‌the‌ ‌models‌ ‌used,‌ ‌experiment‌ ‌design‌ ‌and‌ ‌statistical‌‌ 

103 methodologies‌ ‌performed‌ ‌within‌ ‌the‌ ‌study.‌ ‌We‌ ‌then‌ ‌present‌ ‌the‌ ‌results‌ ‌of‌ ‌our‌ ‌experiments,‌‌ 

104 first‌ ‌comparing‌ ‌the‌ ‌climate‌ ‌distributions‌ ‌of‌ ‌the‌ ‌two‌ ‌models‌ ‌over‌ ‌a‌ ‌present-day‌ ‌baseline‌‌ 

105 period‌ ‌to‌ ‌assess‌ ‌whether‌ ‌there‌ ‌are‌ ‌any‌ ‌significant‌ ‌biases‌ ‌between‌ ‌them.‌ ‌Taking‌ ‌any‌ ‌biases‌‌ 

106 into‌ ‌account,‌ ‌we‌ ‌compare‌ ‌the‌ ‌projections‌ ‌from‌ ‌our‌ ‌three‌ ‌future‌ ‌ensembles‌ ‌to‌ ‌the‌ ‌UKCP18‌‌ 

107 PPE,‌ ‌focussing‌ ‌on‌ ‌how‌ ‌the‌ ‌extreme‌ ‌tail‌ ‌of‌ ‌the‌ ‌climate‌ ‌distribution‌ ‌is‌ ‌sampled.‌ ‌This‌‌ 

108 comparison‌ ‌allows‌ ‌us‌ ‌to‌ ‌explore‌ ‌the‌ ‌sampling‌ ‌advantage‌ ‌given‌ ‌by,‌ ‌and‌ ‌influence‌ ‌of,‌ ‌the‌ ‌SST‌‌ 

109 and‌ ‌SIC.‌ ‌The‌ ‌very‌ ‌large‌ ‌ensembles‌ ‌created‌ ‌also‌ ‌allow‌ ‌us‌ ‌to‌ ‌examine‌ ‌the‌ ‌influence‌ ‌of‌ ‌the‌‌ 

110 large‌ ‌scale‌ ‌dynamics‌ ‌present‌ ‌during‌ ‌the‌ ‌study‌ ‌winters‌ ‌using‌ ‌a‌ ‌circulation‌ ‌analog‌ ‌approach.‌‌ 

111 We‌ ‌then‌ ‌use‌ ‌a‌ ‌single‌ ‌ensemble‌ ‌member‌ ‌case‌ ‌study‌ ‌to‌ ‌highlight‌ ‌the‌ ‌importance‌ ‌of‌ ‌large‌‌ 

112 ensembles‌ ‌for‌ ‌sampling‌ ‌unprecedented‌ ‌extreme‌ ‌events‌ ‌that‌ ‌cannot‌ ‌always‌ ‌be‌ ‌statistically‌‌ 

113 extrapolated‌ ‌from‌ ‌smaller‌ ‌ensembles‌ ‌‌(Fischer‌ ‌et‌ ‌al.,‌ ‌2021;‌ ‌Gessner‌ ‌et‌ ‌al.,‌ ‌2021)‌.‌ ‌Finally,‌ ‌we‌‌ 

https://www.zotero.org/google-docs/?7OqiDt


114 discuss‌ ‌the‌ ‌insights‌ ‌provided‌ ‌by‌ ‌these‌ ‌experiments,‌ ‌and‌ ‌how‌ ‌they‌ ‌might‌ ‌inform‌ ‌the‌ ‌design‌ ‌of‌‌ 

115 future‌ ‌projections;‌ ‌also‌ ‌suggesting‌ ‌directions‌ ‌for‌ ‌future‌ ‌research‌ ‌that‌ ‌could‌ ‌further‌ ‌improve‌‌ 

116 our‌ ‌approach.‌ ‌ 

117 2.‌ ‌Study‌ ‌design‌ ‌and‌ ‌methods‌ ‌ 

118 2.1‌ ‌Models‌ ‌ 

119 2.1.1‌ ‌HadGEM3-GC3.05‌ ‌global‌ ‌climate‌ ‌model‌ ‌ 

120 In‌ ‌addition‌ ‌to‌ ‌the‌ ‌ExSamples‌ ‌ensembles,‌ ‌we‌ ‌also‌ ‌analyse‌ ‌UKCP18‌ ‌global‌ ‌PPE‌ ‌simulations‌ ‌of‌‌ 

121 the‌ ‌RCP8.5‌ ‌emission‌ ‌scenario‌ ‌‌(Riahi‌ ‌et‌ ‌al.,‌ ‌2011)‌.‌ ‌This‌ ‌PPE‌ ‌is‌ ‌based‌ ‌on‌ ‌the‌ ‌global‌‌ 

122 HadGEM3-GC3.05‌ ‌coupled‌ ‌ocean‌ ‌atmosphere‌ ‌model‌ ‌‌(Murphy‌ ‌et‌ ‌al.,‌ ‌2018;‌ ‌Williams‌ ‌et‌ ‌al.,‌‌ 

123 2018)‌.‌ ‌This‌ ‌combines‌ ‌an‌ ‌85‌ ‌vertical‌ ‌level‌ ‌atmosphere‌ ‌model‌ ‌at‌ ‌5/6‌ ‌°‌ ‌zonal‌ ‌and‌ ‌5/9‌ ‌°‌‌ 

124 meridional‌ ‌resolution‌ ‌(N216,‌ ‌~60‌ ‌km‌ ‌at‌ ‌mid-latitudes)‌ ‌with‌ ‌a‌ ‌75‌ ‌level‌ ‌ocean‌ ‌model‌ ‌at‌‌ 

125 ORCA025‌ ‌(1/4‌ ‌°)‌ ‌horizontal‌ ‌resolution.‌ ‌The‌ ‌aim‌ ‌of‌ ‌this‌ ‌PPE‌ ‌is‌ ‌to‌ ‌explore‌ ‌a‌ ‌range‌ ‌of‌ ‌plausible‌‌ 

126 model‌ ‌responses‌ ‌to‌ ‌climate‌ ‌change.‌ ‌The‌ ‌parameters‌ ‌were‌ ‌selected‌ ‌on‌ ‌the‌ ‌basis‌ ‌of‌ ‌the‌‌ 

127 credibility‌ ‌of‌ ‌the‌ ‌model‌ ‌response‌ ‌on‌ ‌both‌ ‌weather‌ ‌and‌ ‌climate‌ ‌timescales‌ ‌‌(Karmalkar‌ ‌et‌ ‌al.,‌‌ 

128 2019;‌ ‌D.‌ ‌M.‌ ‌H.‌ ‌Sexton‌ ‌et‌ ‌al.,‌ ‌2019,‌ ‌2021;‌ ‌Yamazaki‌ ‌et‌ ‌al.,‌ ‌2021)‌.‌ ‌In‌ ‌this‌ ‌study‌ ‌we‌ ‌use‌ ‌both‌ ‌the‌‌ 

129 final‌ ‌product‌ ‌15-member‌ ‌PPE‌ ‌and‌ ‌a‌ ‌10-member‌ ‌subsample.‌ ‌The‌ ‌10-member‌ ‌subsample‌‌ 

130 consists‌ ‌of‌ ‌the‌ ‌12‌ ‌members‌ ‌that‌ ‌compose‌ ‌the‌ ‌accompanying‌ ‌UKCP18‌ ‌regional‌ ‌climate‌ ‌model‌‌ 

131 projections‌ ‌‌(Murphy‌ ‌et‌ ‌al.,‌ ‌2018)‌,‌ ‌minus‌ ‌two‌ ‌members‌ ‌that‌ ‌displayed‌ ‌a‌ ‌significant‌ ‌weakening‌‌ 

132 of‌ ‌the‌ ‌Atlantic‌ ‌Meridional‌ ‌Overturning‌ ‌Circulation‌ ‌‌(D.‌ ‌Sexton‌ ‌et‌ ‌al.,‌ ‌2020)‌.‌ ‌Henceforth,‌ ‌we‌‌ 

133 shall‌ ‌refer‌ ‌to‌ ‌the‌ ‌HadGEM3-GC3.05‌ ‌simulations‌ ‌analysed‌ ‌here‌ ‌as‌ ‌the‌ ‌“UKCP18‌ ‌PPE”.‌ ‌Unless‌‌ 

134 stated‌ ‌otherwise,‌ ‌this‌ ‌refers‌ ‌to‌ ‌the‌ ‌15-member‌ ‌PPE.‌ ‌ 
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135 2.1.2‌ ‌HadAM4‌ ‌N216‌ ‌atmospheric‌ ‌model‌ ‌ 

136 The‌ ‌novel‌ ‌simulations‌ ‌presented‌ ‌here‌ ‌are‌ ‌performed‌ ‌by‌ ‌the‌ ‌global‌ ‌HadAM4‌ ‌atmosphere‌ ‌and‌‌ 

137 land‌ ‌surface‌ ‌model‌ ‌‌(Webb‌ ‌et‌ ‌al.,‌ ‌2001;‌ ‌Williams‌ ‌et‌ ‌al.,‌ ‌2003)‌.‌ ‌Like‌ ‌its‌ ‌predecessor,‌ ‌HadAM3‌‌ 

138 (Pope‌ ‌et‌ ‌al.,‌ ‌2000)‌,‌ ‌it‌ ‌includes‌ ‌prognostic‌ ‌cloud,‌ ‌convection‌ ‌and‌ ‌gravity-wave‌ ‌drag‌‌ 

139 parameterisation‌ ‌schemes,‌ ‌a‌ ‌radiation‌ ‌scheme‌ ‌that‌ ‌treats‌ ‌water‌ ‌vapour‌ ‌and‌ ‌ice‌ ‌crystals‌‌ 

140 separately,‌ ‌and‌ ‌a‌ ‌land‌ ‌surface‌ ‌scheme.‌ ‌The‌ ‌updates‌ ‌in‌ ‌HadAM4‌ ‌include‌ ‌a‌ ‌mixed-phase‌‌ 

141 precipitation‌ ‌scheme,‌ ‌parameterisation‌ ‌of‌ ‌ice‌ ‌cloud‌ ‌particle‌ ‌size‌ ‌and‌ ‌the‌ ‌radiative‌ ‌effects‌ ‌of‌‌ 

142 non-spherical‌ ‌ice‌ ‌particles,‌ ‌and‌ ‌a‌ ‌revised‌ ‌boundary‌ ‌layer‌ ‌scheme.‌ ‌The‌ ‌version‌ ‌used‌ ‌here‌‌ 

143 incorporates‌ ‌an‌ ‌upgrade‌ ‌to‌ ‌the‌ ‌spatial‌ ‌resolution‌ ‌‌(Bevacqua‌ ‌et‌ ‌al.,‌ ‌2021;‌ ‌Watson‌ ‌et‌ ‌al.,‌ ‌2020)‌,‌‌ 

144 which‌ ‌matches‌ ‌the‌ ‌horizontal‌ ‌resolution‌ ‌of‌ ‌the‌ ‌HadGEM3-GC3.05‌ ‌simulations‌ ‌analysed‌ ‌here.‌‌ 

145 HadAM4‌ ‌has‌ ‌38‌ ‌vertical‌ ‌levels;‌ ‌and‌ ‌here‌ ‌the‌ ‌sea‌ ‌surface‌ ‌temperature‌ ‌(SST)‌ ‌and‌ ‌sea‌ ‌ice‌‌ 

146 fraction‌ ‌(SIC)‌ ‌boundary‌ ‌conditions‌ ‌are‌ ‌taken‌ ‌from‌ ‌specific‌ ‌years‌ ‌and‌ ‌members‌ ‌of‌ ‌the‌‌ 

147 HadGEM3-GC3.05‌ ‌UKCP18‌ ‌PPE‌ ‌simulations.‌‌ ‌  

148 A‌ ‌key‌ ‌aspect‌ ‌of‌ ‌the‌ ‌HadAM4‌ ‌simulations‌ ‌described‌ ‌here‌ ‌are‌ ‌that‌ ‌they‌ ‌are‌ ‌performed‌ ‌on‌ ‌the‌‌ 

149 personal‌ ‌computers‌ ‌of‌ ‌volunteers‌ ‌using‌ ‌the‌ ‌‌climateprediction.net‌‌ ‌distributed‌ ‌computing‌‌ 

150 system‌ ‌‌(M.‌ ‌Allen,‌ ‌1999;‌ ‌Anderson,‌ ‌2004;‌ ‌D.‌ ‌Stainforth‌ ‌et‌ ‌al.,‌ ‌2002)‌.‌ ‌This‌ ‌system‌ ‌has‌ ‌been‌‌ 

151 used‌ ‌previously‌ ‌to‌ ‌run‌ ‌a‌ ‌range‌ ‌of‌ ‌Hadley‌ ‌Center‌ ‌Unified‌ ‌Model‌ ‌variants‌ ‌‌(A.‌ ‌Brown‌ ‌et‌ ‌al.,‌ ‌2012)‌,‌‌ 

152 including‌ ‌a‌ ‌coupled‌ ‌atmosphere-slab‌ ‌ocean‌ ‌model‌ ‌‌(D.‌ ‌A.‌ ‌Stainforth‌ ‌et‌ ‌al.,‌ ‌2005)‌,‌ ‌a‌ ‌fully‌‌ 

153 coupled‌ ‌model‌ ‌‌(Frame‌ ‌et‌ ‌al.,‌ ‌2009)‌‌ ‌and‌ ‌an‌ ‌atmosphere-only‌ ‌model‌ ‌‌(Pall‌ ‌et‌ ‌al.,‌ ‌2011)‌‌ ‌similar‌‌ 

154 to‌ ‌HadAM4.‌ ‌The‌ ‌near‌ ‌thousand‌ ‌member‌ ‌ensembles‌ ‌presented‌ ‌here‌ ‌would‌ ‌be‌ ‌prohibitively‌‌ 

155 expensive‌ ‌to‌ ‌run‌ ‌using‌ ‌a‌ ‌standard‌ ‌supercomputer,‌ ‌and‌ ‌so‌ ‌we‌ ‌are‌ ‌only‌ ‌able‌ ‌to‌ ‌run‌ ‌the‌‌ 

156 bespoke‌ ‌experiments‌ ‌presented‌ ‌in‌ ‌this‌ ‌study‌ ‌because‌ ‌of‌ ‌this‌ ‌distributed‌ ‌computing‌ ‌system,‌‌ 

157 and‌ ‌the‌ ‌volunteers‌ ‌involved.‌ ‌However,‌ ‌the‌ ‌constraints‌ ‌of‌ ‌this‌ ‌system‌ ‌strongly‌ ‌motivate‌ ‌the‌‌ 

158 choice‌ ‌of‌ ‌HadAM4:‌ ‌it‌ ‌is‌ ‌sufficiently‌ ‌memory-efficient‌ ‌that‌ ‌it‌ ‌can‌ ‌be‌ ‌run‌ ‌on‌ ‌personal‌‌ 
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159 computers‌ ‌at‌ ‌the‌ ‌same‌ ‌horizontal‌ ‌resolution‌ ‌as‌ ‌the‌ ‌state-of-the-art‌ ‌HadGEM3-GC3.05‌‌ 

160 model.‌ ‌ 

161 Henceforth,‌ ‌we‌ ‌shall‌ ‌refer‌ ‌to‌ ‌the‌ ‌HadAM4‌ ‌simulations‌ ‌presented‌ ‌here‌ ‌as‌ ‌the‌ ‌“ExSamples”‌‌ 

162 ensembles.‌ ‌A‌ ‌complete‌ ‌description‌ ‌of‌ ‌the‌ ‌ExSamples‌ ‌ensembles,‌ ‌including‌ ‌the‌ ‌selection‌ ‌of‌‌ 

163 the‌ ‌prescribed‌ ‌SST/SIC,‌ ‌is‌ ‌given‌ ‌below‌ ‌in‌ ‌“Experiment‌ ‌design”.‌ ‌ 

164 2.2‌ ‌ExSamples‌ ‌experiment‌ ‌design‌ ‌ 

165 ExSamples‌ ‌covers‌ ‌six‌ ‌distinct‌ ‌sets‌ ‌of‌ ‌simulations:‌ ‌three‌ ‌future‌ ‌winter‌ ‌and‌ ‌three‌ ‌baseline‌‌ 

166 period‌ ‌ensembles.‌ ‌The‌ ‌process‌ ‌behind‌ ‌generating‌ ‌each‌ ‌future‌ ‌and‌ ‌corresponding‌ ‌baseline‌‌ 

167 ensemble‌ ‌is‌ ‌as‌ ‌follows:‌ 

168 1. Select‌ ‌a‌ ‌single‌ ‌winter‌ ‌from‌ ‌within‌ ‌the‌ ‌UKCP18‌ ‌PPE‌ ‌over‌ ‌the‌ ‌2061-2080‌ ‌period.‌ ‌This‌‌ 

169 winter‌ ‌is‌ ‌chosen‌ ‌on‌ ‌the‌ ‌basis‌ ‌of‌ ‌being‌ ‌particularly‌ ‌“extreme”;‌ ‌more‌ ‌detail‌ ‌on‌ ‌how‌ ‌we‌‌ 

170 selected‌ ‌the‌ ‌three‌ ‌future‌ ‌winters‌ ‌is‌ ‌given‌ ‌below‌ ‌in‌ ‌“‌Selecting‌ ‌the‌ ‌three‌ ‌“extreme”‌‌ 

171 study‌ ‌winters‌”.‌ ‌ 

172 2. Use‌ ‌the‌ ‌SSTs‌ ‌and‌ ‌SICs‌ ‌from‌ ‌this‌ ‌winter‌ ‌to‌ ‌force‌ ‌HadAM4‌ ‌over‌ ‌the‌ ‌November‌ ‌-‌ ‌March‌‌ 

173 period‌ ‌(the‌ ‌November‌ ‌of‌ ‌each‌ ‌simulation‌ ‌is‌ ‌used‌ ‌to‌ ‌spin-up‌ ‌the‌ ‌simulation‌ ‌and‌ ‌is‌‌ 

174 discarded‌ ‌prior‌ ‌to‌ ‌analysis).‌ ‌An‌ ‌ensemble‌ ‌is‌ ‌created‌ ‌from‌ ‌the‌ ‌boundary‌ ‌conditions‌ ‌for‌‌ 

175 this‌ ‌single‌ ‌winter‌ ‌through‌ ‌initial-condition‌ ‌perturbations.‌ ‌Due‌ ‌to‌ ‌the‌ ‌nature‌ ‌of‌ ‌the‌‌ 

176 (ongoing)‌ ‌distributed‌ ‌computing‌ ‌system‌ ‌used‌ ‌to‌ ‌run‌ ‌the‌ ‌model‌ ‌‌(M.‌ ‌Allen,‌ ‌1999;‌ ‌D.‌ ‌A.‌‌ 

177 Stainforth‌ ‌et‌ ‌al.,‌ ‌2005)‌,‌ ‌our‌ ‌target‌ ‌final‌ ‌ensemble‌ ‌size‌ ‌is‌ ‌1500‌ ‌members,‌ ‌and‌ ‌in‌ ‌this‌‌ 

178 study‌ ‌we‌ ‌analyse‌ ‌all‌ ‌the‌ ‌members‌ ‌that‌ ‌are‌ ‌complete‌ ‌at‌ ‌the‌ ‌time‌ ‌of‌ ‌writing‌ ‌and‌ ‌pass‌‌ 

179 our‌ ‌quality‌ ‌control‌ ‌checks,‌ ‌which‌ ‌ranges‌ ‌from‌ ‌883‌ ‌to‌ ‌1036‌ ‌over‌ ‌the‌ ‌three‌ ‌ensembles‌‌ 

180 (Sparrow‌ ‌et‌ ‌al.,‌ ‌2021)‌.‌ ‌ 

https://www.zotero.org/google-docs/?ZNsVSN
https://www.zotero.org/google-docs/?ZNsVSN
https://www.zotero.org/google-docs/?cPEMjM


181 3. We‌ ‌then‌ ‌create‌ ‌a‌ ‌corresponding‌ ‌HadAM4‌ ‌baseline‌ ‌ensemble‌ ‌by‌ ‌using‌ ‌winter‌ ‌SSTs‌‌ 

182 and‌ ‌SICs‌ ‌from‌ ‌the‌ ‌same‌ ‌UKCP18‌ ‌member‌ ‌as‌ ‌the‌ ‌selected‌ ‌winter‌ ‌over‌ ‌the‌ ‌period‌ 

183 2007-2016.‌ ‌For‌ ‌each‌ ‌of‌ ‌the‌ ‌ten‌ ‌years,‌ ‌an‌ ‌ensemble‌ ‌of‌ ‌50‌ ‌members‌ ‌is‌ ‌generated‌‌ 

184 using‌ ‌initial-condition‌ ‌perturbations.‌ ‌This‌ ‌results‌ ‌in‌ ‌a‌ ‌target‌ ‌baseline‌ ‌ensemble‌ ‌size‌‌ 

185 of‌ ‌500‌ ‌members‌ ‌per‌ ‌study‌ ‌winter.‌ ‌ 

186 2.2.1‌ ‌Motivation‌ ‌of‌ ‌the‌ ‌experiment‌ ‌design‌ ‌ 

187 In‌ ‌this‌ ‌section‌ ‌we‌ ‌outline‌ ‌the‌ ‌motivation‌ ‌behind‌ ‌our‌ ‌experimental‌ ‌design,‌ ‌with‌ ‌a‌ ‌particular‌‌ 

188 focus‌ ‌on‌ ‌the‌ ‌differences‌ ‌between‌ ‌the‌ ‌internal‌ ‌variability‌ ‌sampled‌ ‌by‌ ‌a‌ ‌coupled‌ ‌model,‌ ‌and‌‌ 

189 sampled‌ ‌by‌ ‌an‌ ‌atmosphere-only‌ ‌model.‌ ‌The‌ ‌coupled‌ ‌PPE‌ ‌in‌ ‌UKCP18‌ ‌samples‌ ‌a‌ ‌series‌ ‌of‌‌ 

190 events‌ ‌including‌ ‌the‌ ‌most‌ ‌extreme‌ ‌ones,‌ ‌that‌ ‌arise‌ ‌from‌ ‌the‌ ‌response‌ ‌to‌ ‌anthropogenic‌‌ 

191 forcing‌ ‌plus‌ ‌coupled‌ ‌internal‌ ‌variability.‌ ‌The‌ ‌latter‌ ‌is‌ ‌due‌ ‌to‌ ‌a‌ ‌combination‌ ‌of‌ ‌internal‌‌ 

192 variability‌ ‌in‌ ‌the‌ ‌ocean,‌ ‌the‌ ‌impact‌ ‌this‌ ‌has‌ ‌on‌ ‌the‌ ‌atmosphere,‌ ‌and‌ ‌internal‌ ‌variability‌‌ 

193 generated‌ ‌within‌ ‌the‌ ‌atmosphere‌ ‌itself‌ ‌‌(Sexton‌ ‌et‌ ‌al.,‌ ‌2001)‌.‌ ‌So‌ ‌an‌ ‌extreme‌ ‌deviation‌ ‌about‌‌ 

194 the‌ ‌long-term‌ ‌forced‌ ‌trend‌ ‌in‌ ‌a‌ ‌coupled‌ ‌simulation‌ ‌might‌ ‌have‌ ‌occurred‌ ‌solely‌ ‌due‌ ‌to‌‌ 

195 atmospheric‌ ‌internal‌ ‌variability‌ ‌but‌ ‌it‌ ‌is‌ ‌a‌ ‌priori‌ ‌more‌ ‌likely‌ ‌than‌ ‌other‌ ‌years‌ ‌to‌ ‌have‌ ‌had‌ ‌a‌‌ 

196 contribution‌ ‌from‌ ‌ocean‌ ‌internal‌ ‌variability.‌ ‌Therefore,‌ ‌by‌ ‌picking‌ ‌three‌ ‌winters‌ ‌with‌ ‌the‌‌ 

197 largest‌ ‌deviations‌ ‌from‌ ‌the‌ ‌long-term‌ ‌climate‌ ‌trend,‌ ‌we‌ ‌hope‌ ‌to‌ ‌capture‌ ‌more‌ ‌winters‌ ‌where‌‌ 

198 the‌ ‌ocean‌ ‌has‌ ‌strongly‌ ‌influenced‌ ‌the‌ ‌extreme.‌ ‌In‌ ‌years‌ ‌where‌ ‌there‌ ‌is‌ ‌an‌ ‌appreciable‌‌ 

199 influence‌ ‌from‌ ‌ocean‌ ‌internal‌ ‌variability,‌ ‌which‌ ‌will‌ ‌be‌ ‌manifest‌ ‌in‌ ‌the‌ ‌simulated‌ ‌SST‌ ‌and‌ ‌SIC‌‌ 

200 patterns‌ ‌along‌ ‌with‌ ‌the‌ ‌long‌ ‌term‌ ‌forced‌ ‌response‌ ‌of‌ ‌the‌ ‌ocean‌ ‌to‌ ‌anthropogenic‌ ‌forcing,‌‌ 

201 then‌ ‌there‌ ‌is‌ ‌more‌ ‌potential‌ ‌for‌ ‌there‌ ‌to‌ ‌be‌ ‌an‌ ‌additional‌ ‌effect‌ ‌from‌ ‌atmospheric‌ ‌internal‌‌ 

202 variability‌ ‌to‌ ‌produce‌ ‌greater‌ ‌extremes.‌ ‌Therefore‌ ‌an‌ ‌initial-condition‌ ‌ensemble‌ ‌of‌‌ 

203 atmosphere-only‌ ‌simulations‌ ‌forced‌ ‌by‌ ‌SSTs,‌ ‌SIC‌ ‌and‌ ‌anthropogenic‌ ‌forcing‌ ‌from‌ ‌a‌ ‌study‌‌ 

204 winter,‌ ‌where‌ ‌members‌ ‌differ‌ ‌only‌ ‌by‌ ‌atmospheric‌ ‌internal‌ ‌variability,‌ ‌can‌ ‌be‌ ‌used‌ ‌to‌‌ 

205 distinguish‌ ‌winters‌ ‌where‌ ‌the‌ ‌ocean‌ ‌internal‌ ‌variability‌ ‌has‌ ‌played‌ ‌an‌ ‌important‌ ‌role‌ ‌from‌‌ 
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206 ones‌ ‌where‌ ‌the‌ ‌ocean‌ ‌has‌ ‌played‌ ‌little‌ ‌role.‌ ‌In‌ ‌the‌ ‌former‌ ‌case,‌ ‌we‌ ‌would‌ ‌expect‌ ‌to‌ ‌sample‌‌ 

207 extremes‌ ‌beyond‌ ‌the‌ ‌UKCP18‌ ‌extreme‌ ‌more‌ ‌often‌ ‌than‌ ‌we‌ ‌would‌ ‌by‌ ‌chance‌ ‌from‌‌ 

208 atmospheric‌ ‌internal‌ ‌variability‌ ‌around‌ ‌the‌ ‌long‌ ‌term‌ ‌forced‌ ‌response.‌ 

209 2.2.2‌ ‌Definitions‌ ‌of‌ ‌key‌ ‌terms‌ ‌ 

210 There‌ ‌are‌ ‌several‌ ‌technical‌ ‌definitions‌ ‌we‌ ‌use‌ ‌throughout‌ ‌this‌ ‌study,‌ ‌which‌ ‌we‌ ‌will‌ ‌define‌ ‌in‌‌ 

211 this‌ ‌section.‌‌ ‌  

212 Firstly,‌ ‌a‌ ‌“raw‌ ‌value”‌ ‌is‌ ‌the‌ ‌simulated‌ ‌value‌ ‌straight‌ ‌from‌ ‌the‌ ‌model,‌ ‌as‌ ‌found‌ ‌within‌ ‌the‌‌ 

213 relevant‌ ‌data‌ ‌product.‌‌ ‌  

214 “Anomalies”‌ ‌are‌ ‌these‌ ‌raw‌ ‌values‌ ‌set‌ ‌relative‌ ‌to‌ ‌the‌ ‌average‌ ‌absolute‌ ‌value‌ ‌over‌ ‌some‌‌ 

215 reference‌ ‌period,‌ ‌in‌ ‌order‌ ‌to‌ ‌remove‌ ‌any‌ ‌mean‌ ‌model‌ ‌biases.‌ ‌For‌ ‌the‌ ‌ExSamples‌ ‌simulations,‌‌ 

216 we‌ ‌define‌ ‌anomalies‌ ‌as‌ ‌the‌ ‌raw‌ ‌values‌ ‌minus‌ ‌the‌ ‌average‌ ‌over‌ ‌the‌ ‌corresponding‌ ‌2007-2016‌‌ 

217 baseline‌ ‌ensemble‌ ‌members.‌ ‌For‌ ‌the‌ ‌UKCP‌ ‌simulations,‌ ‌we‌ ‌define‌ ‌anomalies‌ ‌as‌ ‌the‌ ‌raw‌‌ 

218 values‌ ‌minus‌ ‌the‌ ‌1997-2026‌ ‌reference‌ ‌period‌ ‌mean‌ ‌for‌ ‌each‌ ‌PPE‌ ‌member.‌ ‌This‌ ‌longer‌‌ 

219 30-year‌ ‌period‌ ‌is‌ ‌used‌ ‌to‌ ‌reduce‌ ‌the‌ ‌impact‌ ‌of‌ ‌inter-decadal‌ ‌variability‌ ‌that‌ ‌may‌ ‌be‌ ‌present‌‌ 

220 in‌ ‌the‌ ‌time‌ ‌series‌ ‌of‌ ‌each‌ ‌member.‌ ‌For‌ ‌precipitation,‌ ‌we‌ ‌show‌ ‌results‌ ‌in‌ ‌terms‌ ‌of‌ ‌the‌‌ 

221 “percent‌ ‌change”‌ ‌to‌ ‌compensate‌ ‌for‌ ‌differences‌ ‌in‌ ‌average‌ ‌rainfall‌ ‌intensity‌ ‌between‌ ‌the‌ ‌two‌‌ 

222 models‌ ‌used.‌ ‌Percent‌ ‌changes‌ ‌are‌ ‌calculated‌ ‌as‌ ‌anomalies‌ ‌divided‌ ‌by‌ ‌the‌ ‌average‌ ‌raw‌ ‌value‌‌ 

223 over‌ ‌the‌ ‌reference‌ ‌period‌ ‌(times‌ ‌100‌ ‌%).‌ ‌ 

224 Finally,‌ ‌we‌ ‌use‌ ‌“deviations''‌ ‌in‌ ‌the‌ ‌context‌ ‌of‌ ‌the‌ ‌UKCP‌ ‌PPE‌ ‌to‌ ‌refer‌ ‌to‌ ‌the‌ ‌raw‌ ‌values‌ ‌relative‌‌ 

225 to‌ ‌a‌ ‌long-term‌ ‌trend.‌ ‌Deviations‌ ‌are‌ ‌calculated‌ ‌as‌ ‌the‌ ‌residual‌ ‌of‌ ‌a‌ ‌simple‌ ‌linear‌ ‌regression‌‌ 

226 computed‌ ‌over‌ ‌time‌ ‌for‌ ‌each‌ ‌PPE‌ ‌member‌ ‌(ie.‌ ‌over‌ ‌the‌ ‌2061-2080‌ ‌period).‌ ‌Deviations‌‌ 

227 therefore‌ ‌represent‌ ‌a‌ ‌basic‌ ‌estimate‌ ‌of‌ ‌the‌ ‌variability‌ ‌about‌ ‌a‌ ‌long-term‌ ‌forced‌ ‌trend.‌ ‌Hence‌‌ 

228 we‌ ‌use‌ ‌deviations‌ ‌to‌ ‌measure‌ ‌how‌ ‌unusual‌ ‌a‌ ‌particular‌ ‌simulated‌ ‌winter‌ ‌within‌ ‌the‌ ‌UKCP18‌‌ 

229 PPE‌ ‌is‌ ‌compared‌ ‌to‌ ‌others‌ ‌when‌ ‌a‌ ‌forced‌ ‌trend‌ ‌that‌ ‌may‌ ‌vary‌ ‌across‌ ‌ensemble‌ ‌members‌ ‌is‌‌ 



230 present;‌ ‌and‌ ‌also‌ ‌to‌ ‌generate‌ ‌time‌ ‌series‌ ‌that‌ ‌can‌ ‌be‌ ‌fitted‌ ‌using‌ ‌statistical‌ ‌models‌ ‌that‌‌ 

231 assume‌ ‌the‌ ‌underlying‌ ‌process‌ ‌is‌ ‌stationary.‌ ‌Deviations‌ ‌of‌ ‌the‌ ‌UKCP18‌ ‌PPE‌ ‌also‌ ‌provide‌ ‌the‌‌ 

232 closest‌ ‌simple‌ ‌comparison‌ ‌to‌ ‌the‌ ‌atmosphere-only‌ ‌ExSamples‌ ‌ensembles‌ ‌which‌ ‌only‌ ‌sample‌‌ 

233 atmospheric‌ ‌internal‌ ‌variability.‌ ‌ 

234 2.2.3‌ ‌Selecting‌ ‌the‌ ‌three‌ ‌“extreme”‌ ‌study‌ ‌winters‌ ‌ 

235 To‌ ‌generate‌ ‌our‌ ‌future‌ ‌ExSamples‌ ‌ensembles,‌ ‌we‌ ‌needed‌ ‌to‌ ‌select‌ ‌three‌ ‌“extreme”‌ ‌winters‌‌ 

236 from‌ ‌the‌ ‌UKCP18‌ ‌PPE‌ ‌projections.‌ ‌We‌ ‌considered‌ ‌winters‌ ‌from‌ ‌the‌ ‌10-member‌ ‌subsample‌‌ 

237 over‌ ‌the‌ ‌period‌ ‌2061-2080,‌ ‌giving‌ ‌a‌ ‌total‌ ‌of‌ ‌200‌ ‌candidate‌ ‌winters‌ ‌for‌ ‌selection.‌ ‌The‌‌ 

238 10-member‌ ‌subsample‌ ‌was‌ ‌used‌ ‌such‌ ‌that‌ ‌the‌ ‌ExSamples‌ ‌ensembles‌ ‌generated‌ ‌here‌ ‌would‌‌ 

239 be‌ ‌able‌ ‌to‌ ‌be‌ ‌directly‌ ‌compared‌ ‌to‌ ‌the‌ ‌UKCP18‌ ‌regional‌ ‌climate‌ ‌and‌ ‌convection‌ ‌permitting‌‌ 

240 model‌ ‌projections‌ ‌if‌ ‌desired‌ ‌in‌ ‌the‌ ‌future.‌‌ ‌  

241 The‌ ‌variables‌ ‌we‌ ‌used‌ ‌to‌ ‌compare‌ ‌how‌ ‌“extreme”‌ ‌each‌ ‌candidate‌ ‌winter‌ ‌was‌ ‌were‌ ‌the‌ ‌winter‌‌ 

242 (DJF)‌ ‌mean‌ ‌of‌ ‌daily‌ ‌maximum‌ ‌temperatures,‌ ‌and‌ ‌winter‌ ‌mean‌ ‌precipitation,‌ ‌each‌ ‌averaged‌‌ 

243 over‌ ‌the‌ ‌UK‌ ‌land‌ ‌region.‌ ‌Since‌ ‌the‌ ‌UKCP18‌ ‌PPE‌ ‌displays‌ ‌significant‌ ‌forced‌ ‌trends‌ ‌in‌ ‌climate‌‌ 

244 over‌ ‌the‌ ‌2061-2080‌ ‌period‌ ‌and‌ ‌based‌ ‌on‌ ‌the‌ ‌thinking‌ ‌behind‌ ‌the‌ ‌experimental‌ ‌design,‌ ‌we‌‌ 

245 used‌ ‌the‌ ‌deviations‌ ‌of‌ ‌each‌ ‌candidate‌ ‌winter‌ ‌as‌ ‌the‌ ‌basis‌ ‌for‌ ‌our‌ ‌selection;‌ ‌if‌ ‌we‌ ‌used‌‌ 

246 anomalies‌ ‌we‌ ‌would‌ ‌naturally‌ ‌bias‌ ‌our‌ ‌selection‌ ‌towards‌ ‌the‌ ‌end‌ ‌of‌ ‌the‌ ‌period.‌ ‌ 

247 We‌ ‌aimed‌ ‌to‌ ‌select‌ ‌two‌ ‌“hot”‌ ‌winters‌ ‌and‌ ‌one‌ ‌“wet”‌ ‌winter.‌ ‌As‌ ‌shown‌ ‌in‌ ‌Figure‌ ‌1,‌ ‌there‌ ‌is‌ ‌one‌‌ 

248 clear‌ ‌candidate‌ ‌for‌ ‌each‌ ‌type‌ ‌of‌ ‌extreme:‌ ‌UKCP18‌ ‌PPE‌ ‌member‌ ‌02868‌ ‌(ID‌ ‌numbers‌ ‌as‌‌ 

249 Sexton‌ ‌et‌ ‌al.,‌ ‌2021‌)‌ ‌year‌ ‌2066‌ ‌as‌ ‌a‌ ‌hot‌ ‌winter;‌ ‌and‌ ‌member‌ ‌02242‌ ‌year‌ ‌2068‌ ‌for‌ ‌the‌ ‌wet‌ 

250 winter.‌ ‌The‌ ‌next‌ ‌most‌ ‌extreme‌ ‌hot‌ ‌winters‌ ‌shown‌ ‌in‌ ‌Figure‌ ‌1A‌ ‌all‌ ‌had‌ ‌similar‌ ‌deviations,‌ ‌so‌‌ 

251 we‌ ‌distinguished‌ ‌between‌ ‌them‌ ‌on‌ ‌the‌ ‌basis‌ ‌of‌ ‌their‌ ‌anomalies,‌ ‌choosing‌ ‌member‌ ‌01554‌‌ 

252 year‌ ‌2072,‌ ‌which‌ ‌has‌ ‌the‌ ‌highest‌ ‌anomaly‌ ‌of‌ ‌any‌ ‌of‌ ‌the‌ ‌candidate‌ ‌winters.‌ ‌ 
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‌ 

253 Table‌ ‌1‌ ‌provides‌ ‌a‌ ‌summary‌ ‌of‌ ‌the‌ ‌study‌ ‌winters‌ ‌selected.‌ ‌For‌ ‌clarity,‌ ‌we‌ ‌refer‌ ‌to‌ ‌the‌‌ 

254 ExSamples‌ ‌ensembles‌ ‌by‌ ‌the‌ ‌abbreviations‌ ‌given‌ ‌in‌ ‌the‌ ‌final‌ ‌column‌ ‌of‌ ‌Table‌ ‌1‌ ‌followed‌ ‌by‌ ‌“‌‌ 

255 ensemble”‌ ‌(so‌ ‌the‌ ‌ensemble‌ ‌that‌ ‌uses‌ ‌the‌ ‌SST/SIC‌ ‌from‌ ‌UKCP18‌ ‌member‌ ‌02868‌ ‌year‌ ‌2066‌‌ 

256 is‌ ‌“HOT1‌ ‌ensemble”,‌ ‌and‌ ‌the‌ ‌corresponding‌ ‌baseline‌ ‌ensemble‌ ‌is‌ ‌“HOT1-B‌ ‌ensemble”).‌ ‌We‌‌ 

257 use‌ ‌“aggregate‌ ‌baseline‌ ‌ensemble”‌ ‌to‌ ‌denote‌ ‌the‌ ‌aggregate‌ ‌of‌ ‌all‌ ‌three‌ ‌baseline‌ ‌ensembles.‌‌ 

258 We‌ ‌refer‌ ‌to‌ ‌the‌ ‌corresponding‌ ‌winters‌ ‌as‌ ‌the‌ ‌ensemble‌ ‌abbreviation‌ ‌followed‌ ‌by‌ ‌“‌ ‌winter”.‌‌ 

259 Finally,‌ ‌we‌ ‌refer‌ ‌to‌ ‌the‌ ‌UKCP18‌ ‌PPE‌ ‌ensembles‌ ‌as‌ ‌“UKCP”‌ ‌followed‌ ‌by‌ ‌the‌ ‌period‌ ‌the‌ ‌samples‌‌ 

260 are‌ ‌taken‌ ‌from.‌ ‌ 



‌ 

261 2.2.4‌ ‌Synoptic‌ ‌characterisation‌ ‌of‌ ‌the‌ ‌study‌ ‌winters‌ ‌ 

262 Here,‌ ‌we‌ ‌briefly‌ ‌describe‌ ‌the‌ ‌broad‌ ‌synoptic‌ ‌characteristics‌ ‌of‌ ‌each‌ ‌of‌ ‌the‌ ‌three‌ ‌future‌‌ 

263 winters‌ ‌selected.‌ ‌Figure‌ ‌2‌ ‌shows‌ ‌three‌ ‌key‌ ‌characteristics:‌ ‌mean‌ ‌sea‌ ‌level‌ ‌pressure‌ ‌(MSLP)‌‌ 

264 anomalies‌ ‌over‌ ‌the‌ ‌UK;‌ ‌SST‌ ‌deviations;‌ ‌and‌ ‌Arctic‌ ‌SICs.‌ ‌They‌ ‌display‌ ‌a‌ ‌wide‌ ‌range‌ ‌of‌‌ 

265 meteorological‌ ‌and‌ ‌climatological‌ ‌features:‌ ‌none‌ ‌of‌ ‌the‌ ‌extreme‌ ‌winters‌ ‌selected‌ ‌are‌ ‌caused‌‌ 

266 by‌ ‌very‌ ‌similar‌ ‌large-scale‌ ‌features.‌‌ ‌  

267 The‌ ‌HOT1‌ ‌winter‌ ‌displays‌ ‌a‌ ‌strong‌ ‌positive‌ ‌NAO‌ ‌pattern.‌ ‌Over‌ ‌the‌ ‌UK‌ ‌the‌ ‌flow‌ ‌is‌ ‌even‌ ‌more‌‌ 

268 zonal,‌ ‌and‌ ‌has‌ ‌a‌ ‌weaker‌ ‌gradient;‌ ‌the‌ ‌positive‌ ‌NAO‌ ‌pattern‌ ‌is‌ ‌also‌ ‌weaker.‌ ‌This‌ ‌shares‌‌ 

269 similarities‌ ‌with‌ ‌several‌ ‌weather‌ ‌patterns,‌ ‌including‌ ‌20‌ ‌and‌ ‌23.‌ ‌There‌ ‌is‌ ‌a‌ ‌strong‌ ‌positive‌‌ 

270 ENSO‌ ‌phase‌ ‌during‌ ‌this‌ ‌winter,‌ ‌alongside‌ ‌moderately‌ ‌positive‌ ‌Atlantic‌ ‌Multidecadal‌‌ 

271 Variability‌ ‌and‌ ‌negative‌ ‌phase‌ ‌Pacific‌ ‌Decadal‌ ‌Oscillation.‌ ‌This‌ ‌extreme‌ ‌winter‌ ‌places‌‌ 

272 between‌ ‌the‌ ‌other‌ ‌two‌ ‌in‌ ‌terms‌ ‌of‌ ‌SIC‌ ‌-‌ ‌mean‌ ‌Arctic‌ ‌sea‌ ‌ice‌ ‌fraction‌ ‌is‌ ‌approximately‌ ‌70‌ ‌%.‌ ‌ 



273 The‌ ‌HOT2‌ ‌winter‌ ‌displays‌ ‌a‌ ‌similar‌ ‌MSLP‌ ‌pattern‌ ‌to‌ ‌the‌ ‌first‌ ‌hot‌ ‌winter.‌ ‌In‌ ‌terms‌ ‌of‌ ‌the‌ ‌30‌‌ 

274 weather‌ ‌patterns‌ ‌developed‌ ‌by‌ ‌the‌ ‌Met‌ ‌Office‌ ‌‌(Neal‌ ‌et‌ ‌al.,‌ ‌2016)‌,‌ ‌the‌ ‌mean‌ ‌large‌ ‌scale‌ ‌flow‌‌ 

275 over‌ ‌the‌ ‌whole‌ ‌winter‌ ‌is‌ ‌closest‌ ‌to‌ ‌weather‌ ‌pattern‌ ‌20.‌ ‌This‌ ‌weather‌ ‌pattern‌ ‌is‌ ‌associated‌‌ 

276 with‌ ‌warm‌ ‌and‌ ‌wet‌ ‌weather‌ ‌over‌ ‌the‌ ‌UK‌ ‌‌(Huang‌ ‌et‌ ‌al.,‌ ‌2020;‌ ‌Richardson‌ ‌et‌ ‌al.,‌ ‌2018,‌ ‌2020)‌,‌‌ 

277 and‌ ‌has‌ ‌also‌ ‌been‌ ‌shown‌ ‌to‌ ‌be‌ ‌conducive‌ ‌to‌ ‌producing‌ ‌record‌ ‌temperature‌ ‌extremes‌ ‌on‌ ‌daily‌‌ 

278 timescales‌ ‌‌(Kendon‌ ‌et‌ ‌al.,‌ ‌2020)‌.‌ ‌During‌ ‌this‌ ‌winter,‌ ‌the‌ ‌El‌ ‌Nino‌ ‌Southern‌ ‌Oscillation‌ ‌(ENSO)‌‌ 

279 pattern‌ ‌of‌ ‌global‌ ‌SST‌ ‌variability‌ ‌was‌ ‌in‌ ‌a‌ ‌weak‌ ‌La‌ ‌Nina‌ ‌(negative)‌ ‌phase‌ ‌‌(Deser‌ ‌et‌ ‌al.,‌ ‌2010)‌;‌‌ 

280 this‌ ‌phase‌ ‌has‌ ‌previously‌ ‌been‌ ‌linked‌ ‌to‌ ‌an‌ ‌increased‌ ‌likelihood‌ ‌of‌ ‌positive‌ ‌NAO‌ ‌‌(Deser‌ ‌et‌ ‌al.,‌‌ 

281 2017;‌ ‌M.‌ ‌P.‌ ‌King‌ ‌et‌ ‌al.,‌ ‌2018,‌ ‌2020;‌ ‌López-Parages‌ ‌et‌ ‌al.,‌ ‌2016)‌.‌ ‌No‌ ‌other‌ ‌modes‌ ‌of‌ ‌SST‌‌ 

282 variability‌ ‌are‌ ‌present.‌ ‌With‌ ‌regards‌ ‌to‌ ‌SIC,‌ ‌this‌ ‌particular‌ ‌PPE‌ ‌member‌ ‌has‌ ‌virtually‌ ‌entirely‌‌ 

283 lost‌ ‌all‌ ‌winter‌ ‌Arctic‌ ‌sea‌ ‌ice‌ ‌by‌ ‌2072.‌ ‌It‌ ‌has‌ ‌been‌ ‌suggested‌ ‌that‌ ‌Arctic‌ ‌sea‌ ‌ice‌ ‌loss‌ ‌may‌ ‌be‌‌ 

284 linked‌ ‌with‌ ‌more‌ ‌persistent‌ ‌mid-latitude‌ ‌weather‌ ‌patterns‌ ‌‌(Francis‌ ‌&‌ ‌Vavrus,‌ ‌2012;‌ ‌Pedersen‌‌ 

285 et‌ ‌al.,‌ ‌2016)‌,‌ ‌though‌ ‌this‌ ‌is‌ ‌still‌ ‌a‌ ‌subject‌ ‌of‌ ‌active‌ ‌scientific‌ ‌interest‌ ‌‌(Kretschmer‌ ‌et‌ ‌al.,‌ ‌2020;‌‌ 

286 Screen,‌ ‌2017;‌ ‌Screen‌ ‌&‌ ‌Simmonds,‌ ‌2013)‌.‌‌ ‌  

287 The‌ ‌WET‌ ‌winter‌ ‌displays‌ ‌a‌ ‌strong‌ ‌cyclonic‌ ‌south‌ ‌westerly‌ ‌flow‌ ‌with‌ ‌a‌ ‌low‌ ‌west‌ ‌of‌ ‌Ireland;‌‌ 

288 classified‌ ‌as‌ ‌weather‌ ‌pattern‌ ‌29.‌ ‌This‌ ‌pattern‌ ‌is‌ ‌associated‌ ‌with‌ ‌generally‌ ‌warm‌ ‌and‌ ‌wet‌‌ 

289 weather.‌ ‌ENSO‌ ‌is‌ ‌in‌ ‌a‌ ‌neutral‌ ‌phase‌ ‌during‌ ‌this‌ ‌winter;‌ ‌and‌ ‌there‌ ‌are‌ ‌no‌ ‌other‌ ‌modes‌ ‌of‌ ‌SST‌‌ 

290 variability‌ ‌in‌ ‌significantly‌ ‌positive‌ ‌or‌ ‌negative‌ ‌phases.‌ ‌Of‌ ‌the‌ ‌three‌ ‌study‌ ‌winters,‌ ‌this‌ ‌one‌ ‌has‌‌ 

291 the‌ ‌smallest‌ ‌change‌ ‌in‌ ‌sea‌ ‌ice‌ ‌relative‌ ‌to‌ ‌the‌ ‌present-day;‌ ‌Arctic‌ ‌sea‌ ‌ice‌ ‌is‌ ‌almost‌ ‌entirely‌‌ 

292 intact‌ ‌over‌ ‌the‌ ‌winter.‌‌ ‌  
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‌ 

293 2.3‌ ‌Statistical‌ ‌methods‌ ‌ 

294 2.3.1‌ ‌Estimating‌ ‌distributions‌ ‌of‌ ‌extremes‌ ‌ 

295 We‌ ‌estimate‌ ‌distributions‌ ‌using‌ ‌the‌ ‌method‌ ‌of‌ ‌L-moments‌ ‌‌(Hosking,‌ ‌1990;‌ ‌Hosking‌ ‌et‌ ‌al.,‌‌ 

296 1985;‌ ‌Hosking‌ ‌&‌ ‌Wallis,‌ ‌1997)‌.‌ ‌We‌ ‌use‌ ‌L-moments‌ ‌for‌ ‌their‌ ‌computational‌ ‌efficiency‌ ‌and‌‌ 

297 stability.‌ ‌Uncertainties‌ ‌in‌ ‌the‌ ‌fit‌ ‌distributions,‌ ‌their‌ ‌CDFs‌ ‌and‌ ‌corresponding‌ ‌return‌ ‌periods‌‌ 

298 are‌ ‌calculated‌ ‌using‌ ‌a‌ ‌10,000‌ ‌resample‌ ‌nonparametric‌ ‌bootstrap.‌ ‌The‌ ‌specific‌ ‌distributions‌‌ 

299 used‌ ‌for‌ ‌each‌ ‌variable‌ ‌analysed‌ ‌are‌ ‌as‌ ‌follows:‌ ‌ 
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300 Mean‌ ‌DJF‌ ‌daily‌ ‌maximum‌ ‌temperatures‌ ‌(TXm)‌ ‌&‌ ‌daily‌ ‌mean‌ ‌precipitation‌ ‌rate‌ ‌(PRm)‌ ‌ 

301 We‌ ‌use‌ ‌a‌ ‌generalised‌ ‌pareto‌ ‌distribution‌ ‌‌(Coles,‌ ‌2001;‌ ‌Hosking‌ ‌&‌ ‌Wallis,‌ ‌1987)‌‌ ‌fit‌ ‌to‌ ‌the‌‌ 

302 upper‌ ‌quantile‌ ‌of‌ ‌the‌ ‌sample‌ ‌population.‌ ‌When‌ ‌estimating‌ ‌CDFs‌ ‌and‌ ‌corresponding‌ ‌return‌‌ 

303 periods‌ ‌from‌ ‌the‌ ‌fit,‌ ‌if‌ ‌the‌ ‌value‌ ‌in‌ ‌question‌ ‌lies‌ ‌below‌ ‌the‌ ‌upper‌ ‌quantile,‌ ‌we‌ ‌use‌ ‌the‌‌ 

304 empirical‌ ‌CDF.‌ ‌ 

305 Maximum‌ ‌DJF‌ ‌daily‌ ‌maximum‌ ‌temperatures‌ ‌(TXx)‌ ‌ 

306 We‌ ‌use‌ ‌a‌ ‌generalised‌ ‌extreme‌ ‌value‌ ‌distribution‌ ‌fit‌ ‌to‌ ‌the‌ ‌sample‌ ‌population.‌ ‌ 

307 Maximum‌ ‌DJF‌ ‌daily‌ ‌mean‌ ‌precipitation‌ ‌rate‌ ‌(PRx)‌ ‌ 

308 We‌ ‌use‌ ‌a‌ ‌generalised‌ ‌logistic‌ ‌distribution‌ ‌‌(Hosking,‌ ‌1990)‌‌ ‌fit‌ ‌to‌ ‌the‌ ‌sample‌ ‌population.‌ ‌A‌‌ 

309 generalised‌ ‌logistic‌ ‌distribution‌ ‌is‌ ‌used‌ ‌since‌ ‌the‌ ‌tail‌ ‌of‌ ‌the‌ ‌UKCP18‌ ‌PPE‌ ‌2061-2080‌‌ 

310 deviations‌ ‌population‌ ‌is‌ ‌clearly‌ ‌heavier‌ ‌than‌ ‌estimated‌ ‌by‌ ‌best-fit‌ ‌generalised‌ ‌extreme‌ ‌or‌‌ 

311 generalised‌ ‌pareto‌ ‌distributions;‌ ‌we‌ ‌note‌ ‌that‌ ‌this‌ ‌approach‌ ‌to‌ ‌modelling‌ ‌block‌ ‌maxima‌ ‌of‌‌ 

312 daily‌ ‌rainfall‌ ‌has‌ ‌some‌ ‌precedent‌ ‌in‌ ‌the‌ ‌literature‌ ‌‌(Kysely‌ ‌&‌ ‌Picek,‌ ‌2007;‌ ‌Wan‌ ‌Zin‌ ‌et‌ ‌al.,‌‌ 

313 2009)‌.‌ ‌This‌ ‌issue‌ ‌is‌ ‌not‌ ‌a‌ ‌feature‌ ‌of‌ ‌the‌ ‌L-Moments‌ ‌estimator‌ ‌used:‌ ‌a‌ ‌maximum‌ ‌likelihood‌‌ 

314 estimator‌ ‌yields‌ ‌near-identical‌ ‌results.‌ ‌The‌ ‌apparent‌ ‌discrepancy‌ ‌with‌ ‌the‌ ‌generalised‌‌ 

315 extreme‌ ‌value‌ ‌distribution‌ ‌may‌ ‌arise‌ ‌as‌ ‌the‌ ‌number‌ ‌of‌ ‌independent‌ ‌precipitation‌ ‌events‌ ‌per‌‌ 

316 season‌ ‌may‌ ‌not‌ ‌be‌ ‌near‌ ‌enough‌ ‌to‌ ‌the‌ ‌asymptotic‌ ‌limit‌ ‌(independent‌ ‌event‌ ‌count‌ ‌→‌ ‌∞)‌ ‌for‌‌ 

317 classical‌ ‌extreme‌ ‌value‌ ‌theory‌ ‌to‌ ‌be‌ ‌appropriate,‌ ‌as‌ ‌noted‌ ‌previously‌ ‌for‌ ‌annual‌ ‌daily‌ ‌rainfall‌‌ 

318 maxima‌ ‌‌(Marani‌ ‌&‌ ‌Ignaccolo,‌ ‌2015)‌.‌ ‌ 

319 2.3.2‌ ‌Analog‌ ‌construction‌ ‌ 

320 In‌ ‌order‌ ‌to‌ ‌assess‌ ‌the‌ ‌dynamical‌ ‌contributions‌ ‌to‌ ‌the‌ ‌extreme‌ ‌weather‌ ‌simulated‌ ‌during‌ ‌the‌‌ 

321 study‌ ‌winters,‌ ‌we‌ ‌use‌ ‌an‌ ‌MSLP‌ ‌analog‌ ‌approach‌ ‌‌(Cattiaux‌ ‌et‌ ‌al.,‌ ‌2010;‌ ‌Vautard‌ ‌et‌ ‌al.,‌ ‌2016;‌‌ 

322 Yiou‌ ‌et‌ ‌al.,‌ ‌2017)‌.‌ ‌For‌ ‌each‌ ‌future‌ ‌ExSamples‌ ‌ensemble‌ ‌(and‌ ‌each‌ ‌corresponding‌ ‌baseline‌‌ 
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323 ensemble),‌ ‌we‌ ‌create‌ ‌a‌ ‌subsample‌ ‌of‌ ‌analogs‌ ‌composed‌ ‌of‌ ‌ensemble‌ ‌members‌ ‌that‌ ‌have‌ ‌a‌‌ 

324 root‌ ‌mean‌ ‌square‌ ‌error‌ ‌(Euclidean‌ ‌distance)‌ ‌of‌ ‌less‌ ‌than‌ ‌3‌ ‌hPa‌ ‌from‌ ‌the‌ ‌UKCP18‌ ‌PPE‌ ‌study‌‌ 

325 winter‌ ‌average‌ ‌MSLP‌ ‌over‌ ‌the‌ ‌domain‌ ‌enclosed‌ ‌by‌ ‌the‌ ‌dashed‌ ‌blue‌ ‌lines‌ ‌in‌ ‌the‌ ‌top‌ ‌left‌‌ 

326 subplot‌ ‌of‌ ‌Figure‌ ‌2‌ ‌(-30:20°E;‌ ‌35:70°N).‌ ‌This‌ ‌domain‌ ‌was‌ ‌the‌ ‌best‌ ‌for‌ ‌explaining‌ ‌variance‌ ‌in‌‌ 

327 UK‌ ‌temperatures‌ ‌and‌ ‌close‌ ‌to‌ ‌best‌ ‌for‌ ‌UK‌ ‌precipitation‌ ‌of‌ ‌those‌ ‌investigated‌ ‌by‌ ‌‌(Neal‌ ‌et‌ ‌al.,‌‌ 

328 2016)‌.‌ ‌We‌ ‌used‌ ‌a‌ ‌3hPa‌ ‌threshold‌ ‌as‌ ‌this‌ ‌was‌ ‌the‌ ‌tightest‌ ‌constraint‌ ‌that‌ ‌resulted‌ ‌in‌ ‌analog‌‌ 

329 ensembles‌ ‌large‌ ‌enough‌ ‌to‌ ‌infer‌ ‌statistics‌ ‌from‌ ‌with‌ ‌any‌ ‌degree‌ ‌of‌ ‌certainty‌ ‌(>20‌ ‌members‌‌ 

330 in‌ ‌each‌ ‌case).‌ ‌The‌ ‌MSLP‌ ‌distance‌ ‌based‌ ‌subsampling‌ ‌results‌ ‌in‌ ‌an‌ ‌ensemble‌ ‌of‌ ‌analogs‌ ‌in‌‌ 

331 which‌ ‌the‌ ‌mean‌ ‌large‌ ‌scale‌ ‌flow‌ ‌during‌ ‌the‌ ‌winter‌ ‌very‌ ‌closely‌ ‌matches‌ ‌the‌ ‌study‌ ‌winter.‌ ‌We‌‌ 

332 can‌ ‌then‌ ‌use‌ ‌these‌ ‌ensembles‌ ‌of‌ ‌analogs‌ ‌to‌ ‌estimate‌ ‌the‌ ‌dynamical‌ ‌contribution‌ ‌and‌ 

333 associated‌ ‌uncertainty‌ ‌to‌ ‌the‌ ‌extreme‌ ‌weather.‌ ‌ 

334 3.‌ ‌Results‌ ‌ 

335 3.1‌ ‌Comparison‌ ‌of‌ ‌HadAM4‌ ‌and‌ ‌HadGEM3-GC3.05‌ ‌baseline‌‌ 

336 ensembles‌ ‌ 

337 Before‌ ‌we‌ ‌can‌ ‌robustly‌ ‌compare‌ ‌the‌ ‌projections‌ ‌within‌ ‌the‌ ‌UKCP18‌ ‌PPE‌ ‌and‌ ‌ExSamples‌‌ 

338 ensembles,‌ ‌we‌ ‌must‌ ‌first‌ ‌quantify‌ ‌any‌ ‌differences‌ ‌between‌ ‌the‌ ‌representations‌ ‌of‌ ‌UK‌ ‌climate‌ 

339 within‌ ‌the‌ ‌HadAM4‌ ‌and‌ ‌HadGEM3-GC3.05‌ ‌models.‌ ‌We‌ ‌do‌ ‌this‌ ‌by‌ ‌comparing‌ ‌the‌ ‌15-member‌‌ 

340 UKCP18‌ ‌PPE‌ ‌over‌ ‌2007-2016‌ ‌(150‌ ‌members‌ ‌total)‌ ‌with‌ ‌each‌ ‌of‌ ‌the‌ ‌three‌ ‌2007-2016‌‌ 

341 ExSamples‌ ‌baseline‌ ‌ensembles‌ ‌(~500‌ ‌members‌ ‌each)‌ ‌in‌ ‌turn,‌ ‌and‌ ‌their‌ ‌aggregate‌ ‌ensemble.‌‌ 

342 Here‌ ‌we‌ ‌quantify‌ ‌whether‌ ‌the‌ ‌simulated‌ ‌climates‌ ‌differ‌ ‌using‌ ‌a‌ ‌two-sample‌‌ 

343 Kolmogorov-Smirnoff‌ ‌(K-S)‌ ‌test‌ ‌‌(Hodges,‌ ‌1958;‌ ‌Kolmogorov,‌ ‌1933;‌ ‌Smirnoff,‌ ‌1939a,‌ ‌1939b)‌‌ ‌at‌‌ 

344 the‌ ‌5‌ ‌%‌ ‌significance‌ ‌level‌ ‌on‌ ‌the‌ ‌anomalies‌ ‌of‌ ‌the‌ ‌variable‌ ‌in‌ ‌question‌ ‌unless‌ ‌stated‌‌ 
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345 otherwise.‌ ‌We‌ ‌use‌ ‌anomalies‌ ‌here‌ ‌since‌ ‌our‌ ‌main‌ ‌results‌ ‌are‌ ‌presented‌ ‌using‌ ‌anomalies‌ ‌to‌‌ 

346 account‌ ‌for‌ ‌any‌ ‌model‌ ‌mean‌ ‌biases‌ ‌(and‌ ‌biases‌ ‌between‌ ‌different‌ ‌UKCP18‌ ‌PPE‌ ‌members),‌‌ 

347 but‌ ‌note‌ ‌if‌ ‌there‌ ‌are‌ ‌significant‌ ‌differences‌ ‌between‌ ‌the‌ ‌two‌ ‌model‌ ‌climate‌ ‌means.‌ ‌Verifying‌‌ 

348 the‌ ‌accuracy‌ ‌of‌ ‌these‌ ‌models‌ ‌against‌ ‌reality‌ ‌lies‌ ‌outside‌ ‌of‌ ‌the‌ ‌scope‌ ‌of‌ ‌this‌ ‌paper,‌ ‌but‌ ‌has‌‌ 

349 already‌ ‌been‌ ‌studied‌ ‌for‌ ‌both‌ ‌the‌ ‌UKCP18‌ ‌PPE‌ ‌‌(Murphy‌ ‌et‌ ‌al.,‌ ‌2018)‌‌ ‌and‌ ‌HadAM4‌ ‌‌(Bevacqua‌‌ 

350 et‌ ‌al.,‌ ‌2021;‌ ‌Watson‌ ‌et‌ ‌al.,‌ ‌2020)‌.‌ ‌ 

351 For‌ ‌both‌ ‌mean‌ ‌and‌ ‌maximum‌ ‌DJF‌ ‌daily‌ ‌maximum‌ ‌temperatures‌ ‌over‌ ‌the‌ ‌UK‌ ‌(TXm‌ ‌and‌ ‌TXx‌‌ 

352 respectively),‌ ‌the‌ ‌UKCP‌ ‌2007-2016‌ ‌and‌ ‌ExSamples‌ ‌baseline‌ ‌distributions‌ ‌are‌ ‌highly‌‌ 

353 comparable‌ ‌(Figures‌ ‌3,‌ ‌4,‌ ‌S4,‌ ‌S7,‌ ‌S8,‌ ‌S9).‌ ‌None‌ ‌of‌ ‌the‌ ‌three‌ ‌(nor‌ ‌their‌ ‌aggregate)‌ ‌ExSamples‌‌ 

354 baseline‌ ‌ensemble‌ ‌distributions‌ ‌are‌ ‌statistically‌ ‌significantly‌ ‌different‌ ‌from‌ ‌the‌‌ 

355 corresponding‌ ‌UKCP‌ ‌baseline‌ ‌ensemble‌ ‌distributions‌ ‌for‌ ‌either‌ ‌TXm‌ ‌or‌ ‌TXx‌ ‌anomalies.‌ ‌The‌‌ 

356 ExSamples‌ ‌aggregate‌ ‌baseline‌ ‌ensemble‌ ‌mean‌ ‌biases‌ ‌are‌ ‌+0.06‌ ‌K‌ ‌and‌ ‌+0.18‌ ‌K‌ ‌compared‌ ‌to‌‌ 

357 the‌ ‌UKCP18‌ ‌PPE‌ ‌for‌ ‌TXm‌ ‌and‌ ‌TXx‌ ‌respectively.‌ ‌ 

358 For‌ ‌mean‌ ‌DJF‌ ‌precipitation‌ ‌rate‌ ‌over‌ ‌the‌ ‌UK‌ ‌(PRm),‌ ‌we‌ ‌do‌ ‌find‌ ‌clear‌ ‌differences‌ ‌in‌ ‌the‌‌ 

359 behaviour‌ ‌of‌ ‌the‌ ‌models.‌ ‌The‌ ‌ExSamples‌ ‌baseline‌ ‌ensembles‌ ‌have‌ ‌a‌ ‌reduced‌ ‌winter‌ ‌average‌‌ 

360 rainfall‌ ‌intensity‌ ‌compared‌ ‌to‌ ‌the‌ ‌UKCP18‌ ‌PPE:‌ ‌a‌ ‌16‌ ‌%‌ ‌(0.61‌ ‌mm‌ ‌day‌-1‌)‌ ‌lower‌ ‌ensemble‌ ‌mean.‌‌ 

361 They‌ ‌also‌ ‌have‌ ‌a‌ ‌slightly‌ ‌increased‌ ‌spread‌ ‌in‌ ‌winter‌ ‌rainfall.‌ ‌We‌ ‌note‌ ‌that‌ ‌these‌ ‌differences‌ ‌in‌‌ 

362 simulated‌ ‌UK‌ ‌climate‌ ‌do‌ ‌not‌ ‌appear‌ ‌to‌ ‌be‌ ‌the‌ ‌result‌ ‌of‌ ‌differences‌ ‌in‌ ‌the‌ ‌large-scale‌‌ 

363 dynamics‌ ‌of‌ ‌the‌ ‌two‌ ‌models‌ ‌over‌ ‌the‌ ‌Euro-Atlantic‌ ‌sector;‌ ‌as‌ ‌investigated‌ ‌using‌ ‌a‌ ‌Principal‌‌ 

364 Component‌ ‌Analysis‌ ‌in‌ ‌the‌ ‌‌Supplementary‌ ‌Information‌.‌ ‌Despite‌ ‌the‌ ‌difference‌ ‌in‌ ‌spread,‌‌ 

365 none‌ ‌of‌ ‌three‌ ‌ExSamples‌ ‌baseline‌ ‌ensemble‌ ‌distributions‌ ‌are‌ ‌statistically‌ ‌significantly‌‌ 

366 different‌ ‌from‌ ‌the‌ ‌UKCP18‌ ‌baseline‌ ‌ensemble‌ ‌distribution‌ ‌for‌ ‌absolute‌ ‌PRm‌ ‌anomalies;‌ ‌nor‌ ‌is‌‌ 

367 their‌ ‌aggregate.‌ ‌However,‌ ‌due‌ ‌to‌ ‌this‌ ‌discrepancy‌ ‌in‌ ‌mean‌ ‌rainfall‌ ‌intensity‌ ‌between‌ ‌the‌ ‌two‌‌ 

368 models,‌ ‌we‌ ‌measure‌ ‌projected‌ ‌PRm‌ ‌in‌ ‌percent‌ ‌changes‌ ‌rather‌ ‌than‌ ‌anomalies,‌ ‌both‌ ‌in‌ ‌the‌‌ 

369 figures‌ ‌presented‌ ‌and‌ ‌analysis‌ ‌carried‌ ‌out.‌ ‌After‌ ‌converting‌ ‌to‌ ‌percentages,‌ ‌the‌ ‌differences‌‌ 
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370 in‌ ‌the‌ ‌spread‌ ‌of‌ ‌the‌ ‌distributions‌ ‌becomes‌ ‌relatively‌ ‌larger‌ ‌(Figure‌ ‌5)‌ ‌and‌ ‌the‌ ‌distributions‌ ‌of‌‌ 

371 percentage‌ ‌anomalies‌ ‌are‌ ‌statistically‌ ‌significantly‌ ‌different.‌ ‌ ‌   

372 Despite‌ ‌the‌ ‌differences‌ ‌in‌ ‌PRm,‌ ‌the‌ ‌two‌ ‌models‌ ‌show‌ ‌little‌ ‌difference‌ ‌in‌ ‌their‌ ‌simulated‌‌ 

373 distributions‌ ‌of‌ ‌the‌ ‌DJF‌ ‌maximum‌ ‌of‌ ‌daily‌ ‌mean‌ ‌precipitation‌ ‌averaged‌ ‌over‌ ‌the‌ ‌UK‌ ‌(PRx).‌‌ 

374 The‌ ‌difference‌ ‌in‌ ‌mean‌ ‌PRx‌ ‌between‌ ‌all‌ ‌the‌ ‌ExSamples‌ ‌baseline‌ ‌ensembles‌ ‌and‌ ‌the‌ ‌UKCP18‌‌ 

375 PPE‌ ‌is‌ ‌only‌ ‌4‌ ‌%‌ ‌(0.99‌ ‌mm‌ ‌day‌-1‌).‌ ‌None‌ ‌of‌ ‌the‌ ‌three‌ ‌(nor‌ ‌their‌ ‌aggregate)‌ ‌ExSamples‌ ‌baseline‌‌ 

376 ensembles‌ ‌are‌ ‌statistically‌ ‌significantly‌ ‌different‌ ‌from‌ ‌the‌ ‌UKCP‌ ‌2007-2016‌ ‌distribution‌ ‌for‌‌ 

377 PRx‌ ‌anomalies.‌ ‌ 

378 3.2‌ ‌Projections‌ ‌of‌ ‌future‌ ‌extremes‌ ‌ 

379 In‌ ‌this‌ ‌section‌ ‌we‌ ‌examine‌ ‌the‌ ‌future‌ ‌ExSamples‌ ‌ensembles‌ ‌and‌ ‌compare‌ ‌them‌ ‌to‌ ‌the‌‌ 

380 UKCP18‌ ‌PPE‌ ‌projections.‌ ‌Since‌ ‌we‌ ‌are‌ ‌largely‌ ‌concerned‌ ‌with‌ ‌winters‌ ‌that‌ ‌are‌ ‌extreme‌ ‌as‌ ‌a‌‌ 

381 whole,‌ ‌rather‌ ‌than‌ ‌isolated‌ ‌extreme‌ ‌weather‌ ‌events‌ ‌within‌ ‌the‌ ‌winters‌ ‌(consistent‌ ‌with‌ ‌our‌‌ 

382 methodology‌ ‌for‌ ‌selecting‌ ‌the‌ ‌three‌ ‌study‌ ‌winters),‌ ‌we‌ ‌analyse‌ ‌“hot”‌ ‌winters‌ ‌through‌‌ 

383 DJF-mean‌ ‌temperatures‌ ‌and‌ ‌“wet”‌ ‌winters‌ ‌through‌ ‌DJF-mean‌ ‌precipitation.‌ ‌ 

384 3.2.1‌ ‌HOT1‌ ‌ 

385 We‌ ‌first‌ ‌address‌ ‌the‌ ‌primary‌ ‌question:‌ ‌was‌ ‌the‌ ‌atmosphere-only‌ ‌HadAM4‌ ‌model‌ ‌able‌ ‌to‌‌ 

386 capture‌ ‌the‌ ‌magnitude‌ ‌of‌ ‌the‌ ‌extreme‌ ‌simulated‌ ‌in‌ ‌the‌ ‌study‌ ‌winter‌ ‌by‌ ‌the‌ ‌coupled‌‌ 

387 HadGEM3-GC3.05‌ ‌model?‌ ‌Yes‌ ‌-‌ ‌there‌ ‌are‌ ‌four‌ ‌within‌ ‌the‌ ‌HOT1‌ ‌ensemble‌ ‌that‌ ‌exceed‌ ‌the‌‌ 

388 TXm‌ ‌value‌ ‌of‌ ‌the‌ ‌study‌ ‌winter,‌ ‌as‌ ‌shown‌ ‌in‌ ‌Figure‌ ‌3.‌ ‌ 

389 However,‌ ‌the‌ ‌prescribed‌ ‌SST/SIC‌ ‌within‌ ‌the‌ ‌HOT1‌ ‌simulations‌ ‌do‌ ‌not‌ ‌appear‌ ‌to‌ ‌have‌‌ 

390 conditioned‌ ‌this‌ ‌ensemble‌ ‌towards‌ ‌producing‌ ‌more‌ ‌extremes‌ ‌than‌ ‌would‌ ‌be‌ ‌expected‌ ‌from‌‌ 

391 an‌ ‌(unconditioned‌ ‌by‌ ‌construction)‌ ‌UKCP18‌ ‌PPE‌ ‌of‌ ‌the‌ ‌same‌ ‌(increased)‌ ‌size.‌ ‌This‌ ‌is‌ ‌clearly‌‌ 

392 seen‌ ‌in‌ ‌Figure‌ ‌3:‌ ‌the‌ ‌distributions‌ ‌of‌ ‌the‌ ‌HOT1‌ ‌and‌ ‌UKCP‌ ‌2061-2080‌ ‌ensembles‌ ‌are‌ ‌very‌‌ 



393 similar‌ ‌in‌ ‌the‌ ‌PDF‌ ‌subplot;‌ ‌and‌ ‌the‌ ‌ExSamples‌ ‌return‌ ‌period‌ ‌sample‌ ‌histogram‌ ‌follows‌ ‌the‌‌ 

394 “1000‌ ‌member”‌ ‌expectation‌ ‌line‌ ‌closely.‌ ‌We‌ ‌can‌ ‌conclude‌ ‌that‌ ‌despite‌ ‌the‌ ‌HOT1‌ ‌winter‌‌ 

395 being‌ ‌an‌ ‌exceptional‌ ‌extreme‌ ‌within‌ ‌the‌ ‌context‌ ‌of‌ ‌the‌ ‌UKCP18‌ ‌PPE,‌ ‌the‌ ‌associated‌ ‌SST‌ ‌and‌‌ 

396 SICs‌ ‌did‌ ‌not‌ ‌pre-condition‌ ‌the‌ ‌winter‌ ‌towards‌ ‌(nor‌ ‌away‌ ‌from)‌ ‌such‌ ‌an‌ ‌extreme.‌ ‌ 

397 In‌ ‌order‌ ‌to‌ ‌compare‌ ‌the‌ ‌conditioning‌ ‌(effectively‌ ‌the‌ ‌“sampling‌ ‌advantage”)‌ ‌across‌ ‌the‌ ‌three‌‌ 

398 ensembles,‌ ‌we‌ ‌examine‌ ‌the‌ ‌relative‌ ‌exceedance‌ ‌risk‌ ‌of‌ ‌three‌ ‌different‌ ‌extreme‌ ‌thresholds‌ ‌set‌‌ 

399 by‌ ‌the‌ ‌following‌ ‌UKCP18‌ ‌PPE‌ ‌distribution‌ ‌quantiles:‌ ‌0.9,‌ ‌0.95‌ ‌and‌ ‌0.99;‌ ‌representing‌ ‌1-in-10,‌‌ 

400 -20‌ ‌and‌ ‌-100‌ ‌year‌ ‌extremes.‌ ‌We‌ ‌do‌ ‌this‌ ‌for‌ ‌both‌ ‌the‌ ‌TXm‌ ‌and‌ ‌PRm‌ ‌variables.‌ ‌We‌ ‌first‌‌ 

401 calculate‌ ‌the‌ ‌threshold‌ ‌values‌ ‌that‌ ‌correspond‌ ‌to‌ ‌the‌ ‌given‌ ‌extremes‌ ‌using‌ ‌the‌ ‌UKCP‌‌ 

402 2061-2080‌ ‌deviations‌ ‌statistical‌ ‌fit‌ ‌(ie.‌ ‌the‌ ‌black‌ ‌line‌ ‌in‌ ‌Figure‌ ‌3B).‌ ‌We‌ ‌then‌ ‌calculate‌ ‌the‌‌ 

403 fractions‌ ‌of‌ ‌the‌ ‌UKCP‌ ‌2061-2080‌ ‌and‌ ‌ExSamples‌ ‌ensembles‌ ‌that‌ ‌lie‌ ‌above‌ ‌these‌ ‌thresholds.‌‌ 

404 We‌ ‌present‌ ‌the‌ ‌results‌ ‌in‌ ‌Table‌ ‌2‌ ‌in‌ ‌terms‌ ‌of‌ ‌the‌ ‌relative‌ ‌risk‌ ‌of‌ ‌the‌ ‌given‌ ‌extreme‌ ‌in‌ ‌the‌‌ 

405 ExSamples‌ ‌ensemble‌ ‌compared‌ ‌to‌ ‌the‌ ‌UKCP‌ ‌ensemble.‌ ‌This‌ ‌is‌ ‌calculated‌ ‌as‌ ‌the‌ ‌fraction‌ ‌of‌‌ 

406 the‌ ‌ExSamples‌ ‌ensemble‌ ‌that‌ ‌exceeds‌ ‌the‌ ‌threshold‌ ‌divided‌ ‌by‌ ‌the‌ ‌corresponding‌ ‌fraction‌ ‌of‌‌ 

407 the‌ ‌UKCP‌ ‌ensemble,‌ ‌analogous‌ ‌to‌ ‌the‌ ‌“risk‌ ‌ratios”‌ ‌often‌ ‌used‌ ‌in‌ ‌extreme‌ ‌event‌ ‌attribution‌‌ 

408 studies‌ ‌‌(Stone‌ ‌&‌ ‌Allen,‌ ‌2005;‌ ‌Stott‌ ‌et‌ ‌al.,‌ ‌2004)‌.‌ ‌This‌ ‌relative‌ ‌risk‌ ‌provides‌ ‌a‌ ‌measure‌ ‌of‌ ‌how‌‌ 

409 many‌ ‌more‌ ‌samples‌ ‌of‌ ‌extremes‌ ‌of‌ ‌a‌ ‌particular‌ ‌return‌ ‌period‌ ‌we‌ ‌would‌ ‌expect‌ ‌to‌ ‌see‌ ‌in‌ ‌the‌‌ 

410 ExSamples‌ ‌ensembles‌ ‌compared‌ ‌to‌ ‌a‌ ‌UKCP18‌ ‌PPE-style‌ ‌ensemble‌ ‌of‌ ‌equal‌ ‌size.‌ ‌The‌‌ 

411 quantitative‌ ‌results‌ ‌in‌ ‌Table‌ ‌2‌ ‌support‌ ‌the‌ ‌picture‌ ‌provided‌ ‌by‌ ‌Figure‌ ‌3:‌ ‌the‌ ‌HOT1‌ ‌ensemble‌‌ 

412 was‌ ‌not‌ ‌conditioned‌ ‌towards‌ ‌producing‌ ‌any‌ ‌more‌ ‌extremes‌ ‌than‌ ‌expected‌ ‌from‌ ‌the‌‌ 

413 unconditioned‌ ‌UKCP‌ ‌2061-2080‌ ‌ensemble‌ ‌(for‌ ‌several‌ ‌thresholds‌ ‌it‌ ‌actually‌ ‌appears‌ ‌to‌ ‌have‌‌ 

414 been‌ ‌marginally‌ ‌conditioned‌ ‌away‌ ‌from‌ ‌producing‌ ‌extremes).‌ ‌ 

415 While‌ ‌the‌ ‌boundary‌ ‌conditions‌ ‌did‌ ‌not‌ ‌have‌ ‌any‌ ‌impact‌ ‌on‌ ‌the‌ ‌likelihood‌ ‌of‌ ‌an‌ ‌extreme‌‌ 

416 winter,‌ ‌the‌ ‌large-scale‌ ‌dynamical‌ ‌situation‌ ‌of‌ ‌the‌ ‌study‌ ‌winter‌ ‌did.‌ ‌According‌ ‌to‌ ‌the‌ ‌analogs‌‌ 

417 within‌ ‌the‌ ‌HOT1‌ ‌ensemble,‌ ‌this‌ ‌specific‌ ‌dynamical‌ ‌situation‌ ‌increased‌ ‌the‌ ‌chance‌ ‌of‌ ‌a‌‌ 

https://www.zotero.org/google-docs/?cVYBTB


418 1-in-100‌ ‌year‌ ‌winter‌ ‌(based‌ ‌on‌ ‌the‌ ‌UKCP‌ ‌2061-2080‌ ‌statistical‌ ‌fit‌ ‌in‌ ‌Figure‌ ‌3B)‌ ‌by‌ ‌a‌ ‌factor‌ ‌of‌‌ 

419 6.2‌ ‌[5.3‌ ‌,‌ ‌6.9].‌ ‌A‌ ‌similar‌ ‌level‌ ‌of‌ ‌dynamical‌ ‌conditioning‌ ‌is‌ ‌seen‌ ‌in‌ ‌the‌ ‌baseline‌ ‌ensemble.‌ ‌The‌‌ 

420 analog-based‌ ‌subsampling‌ ‌also‌ ‌suggests‌ ‌that‌ ‌the‌ ‌prescribed‌ ‌SST/SIC‌ ‌may‌ ‌actually‌ ‌make‌ ‌the‌‌ 

421 dynamical‌ ‌situation‌ ‌of‌ ‌the‌ ‌study‌ ‌winter‌ ‌less‌ ‌likely‌ ‌to‌ ‌occur‌ ‌than‌ ‌expected‌ ‌from‌ ‌the‌ ‌baseline‌‌ 

422 climatological‌ ‌rate:‌ ‌the‌ ‌proportion‌ ‌of‌ ‌analogs‌ ‌in‌ ‌the‌ ‌HOT1‌ ‌ensemble‌ ‌is‌ ‌20‌ ‌%‌ ‌lower‌ ‌than‌ ‌in‌‌ 

423 the‌ ‌HOT1-B‌ ‌ensemble.‌ ‌Note‌ ‌that‌ ‌this‌ ‌change‌ ‌in‌ ‌analog‌ ‌frequency‌ ‌is‌ ‌not‌ ‌significant‌ ‌at‌ ‌the‌ ‌5‌ ‌%‌‌ 

424 level.‌ ‌This‌ ‌change‌ ‌is‌ ‌reflected‌ ‌in‌ ‌the‌ ‌HOT1‌ ‌ensemble‌ ‌mean‌ ‌MSLP‌ ‌anomalies,‌ ‌which‌ ‌are‌‌ 

425 negative‌ ‌southwest‌ ‌of‌ ‌the‌ ‌UK‌ ‌and‌ ‌positive‌ ‌northwest‌ ‌of‌ ‌the‌ ‌UK‌ ‌(the‌ ‌opposite‌ ‌pattern‌ ‌to‌ ‌the‌‌ 

426 study‌ ‌winter).‌ ‌ 



‌ 



‌ 

427 3.2.2‌ ‌HOT2‌ ‌ 

428 Again,‌ ‌the‌ ‌magnitude‌ ‌of‌ ‌the‌ ‌extreme‌ ‌in‌ ‌the‌ ‌study‌ ‌winter‌ ‌was‌ ‌captured‌ ‌within‌ ‌the‌ ‌HOT2‌‌ 

429 ensemble.‌ ‌ 

430 The‌ ‌HOT2‌ ‌ensemble‌ ‌produced‌ ‌more‌ ‌extremes‌ ‌than‌ ‌would‌ ‌be‌ ‌expected‌ ‌from‌ ‌a‌ ‌UKCP18‌ ‌PPE‌‌ 

431 ensemble‌ ‌of‌ ‌the‌ ‌same‌ ‌size‌ ‌(Figure‌ ‌4A,‌ ‌C,‌ ‌Table‌ ‌2),‌ ‌suggesting‌ ‌that‌ ‌it‌ ‌was‌ ‌preconditioned‌‌ 

432 towards‌ ‌such‌ ‌extremes‌ ‌by‌ ‌the‌ ‌prescribed‌ ‌SST/SIC.‌ ‌We‌ ‌can‌ ‌see‌ ‌from‌ ‌Figure‌ ‌4C‌ ‌that‌ ‌the‌ ‌HOT2‌‌ 

433 ensemble‌ ‌samples‌ ‌extremes‌ ‌that‌ ‌we‌ ‌would‌ ‌only‌ ‌expect‌ ‌to‌ ‌see‌ ‌within‌ ‌an‌ ‌unconditional‌‌ 

434 UKCP18‌ ‌PPE-type‌ ‌ensemble‌ ‌of‌ ‌total‌ ‌sample‌ ‌size‌ ‌10,000‌ ‌(for‌ ‌the‌ ‌period‌ ‌2061-2080,‌ ‌this‌‌ 

435 would‌ ‌be‌ ‌500‌ ‌members‌ ‌*‌ ‌20‌ ‌years‌ ‌=‌ ‌10,000‌ ‌samples).‌ ‌Table‌ ‌2‌ ‌supports‌ ‌the‌ ‌picture‌ ‌that‌ ‌the‌‌ 

436 HOT2‌ ‌ensemble‌ ‌was‌ ‌significantly‌ ‌primed‌ ‌towards‌ ‌producing‌ ‌extremes:‌ ‌the‌ ‌relative‌ ‌risk‌ ‌of‌ ‌a‌‌ 

437 1-in-100‌ ‌year‌ ‌event‌ ‌was‌ ‌10‌ ‌times‌ ‌greater‌ ‌in‌ ‌the‌ ‌HOT2‌ ‌ensemble‌ ‌than‌ ‌the‌ ‌UKCP18‌ ‌PPE‌ ‌for‌ 

438 both‌ ‌hot‌ ‌(TXm)‌ ‌and‌ ‌wet‌ ‌(PRm)‌ ‌extremes.‌ ‌ 



439 In‌ ‌addition‌ ‌to‌ ‌the‌ ‌SST‌ ‌preconditioning,‌ ‌the‌ ‌dynamical‌ ‌situation‌ ‌of‌ ‌the‌ ‌study‌ ‌winter‌ ‌also‌ ‌made‌‌ 

440 an‌ ‌extreme‌ ‌season‌ ‌more‌ ‌likely,‌ ‌as‌ ‌shown‌ ‌by‌ ‌the‌ ‌horizontal‌ ‌lines‌ ‌representing‌ ‌the‌ ‌likely‌ ‌range‌‌ 

441 of‌ ‌the‌ ‌analog‌ ‌subsamples‌ ‌in‌ ‌Figure‌ ‌4A.‌ ‌Based‌ ‌on‌ ‌the‌ ‌number‌ ‌of‌ ‌analogs‌ ‌sampled,‌ ‌the‌‌ 

442 frequency‌ ‌of‌ ‌this‌ ‌particular‌ ‌large-scale‌ ‌flow‌ ‌was‌ ‌increased‌ ‌by‌ ‌a‌ ‌factor‌ ‌of‌ ‌3.6‌ ‌[2.6‌ ‌,‌ ‌5.4]‌‌ 

443 relative‌ ‌to‌ ‌the‌ ‌climatological‌ ‌frequency‌ ‌estimated‌ ‌using‌ ‌the‌ ‌ExSamples‌ ‌baseline‌ ‌ensemble,‌‌ 

444 which‌ ‌may‌ ‌be‌ ‌due‌ ‌to‌ ‌the‌ ‌prescribed‌ ‌boundary‌ ‌conditions.‌ ‌This‌ ‌would‌ ‌fit‌ ‌within‌ ‌the‌ ‌canonical‌‌ 

445 picture‌ ‌that‌ ‌the‌ ‌negative‌ ‌La‌ ‌Nina‌ ‌ENSO‌ ‌phase‌ ‌is‌ ‌associated‌ ‌with‌ ‌positive‌ ‌NAO‌ ‌‌(Brönnimann,‌‌ 

446 2007;‌ ‌Deser‌ ‌et‌ ‌al.,‌ ‌2017)‌.‌ ‌ 

‌ 
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447 3.2.3‌ ‌WET‌ ‌ 

448 Finally,‌ ‌we‌ ‌examine‌ ‌the‌ ‌WET‌ ‌winter‌ ‌extreme.‌ ‌As‌ ‌in‌ ‌both‌ ‌hot‌ ‌winters,‌ ‌the‌ ‌magnitude‌ ‌of‌ ‌the‌‌ 

449 extreme‌ ‌within‌ ‌the‌ ‌study‌ ‌winter‌ ‌lies‌ ‌within‌ ‌the‌ ‌range‌ ‌of‌ ‌the‌ ‌WET‌ ‌ensemble.‌ ‌ 

450 As‌ ‌in‌ ‌the‌ ‌HOT2‌ ‌ensemble,‌ ‌the‌ ‌prescribed‌ ‌SST/SIC‌ ‌have‌ ‌conditioned‌ ‌the‌ ‌WET‌ ‌ensemble‌‌ 

451 towards‌ ‌producing‌ ‌more‌ ‌wet‌ ‌extremes‌ ‌than‌ ‌would‌ ‌be‌ ‌expected‌ ‌from‌ ‌an‌ ‌unconditioned‌ 

452 ensemble,‌ ‌as‌ ‌shown‌ ‌by‌ ‌the‌ ‌histogram‌ ‌of‌ ‌sampled‌ ‌return‌ ‌periods‌ ‌and‌ ‌shifted‌ ‌PDF‌ ‌compared‌‌ 

453 to‌ ‌the‌ ‌UKCP‌ ‌2061-2080‌ ‌PDF‌ ‌in‌ ‌Figure‌ ‌5.‌ ‌This‌ ‌is‌ ‌consistent‌ ‌with‌ ‌the‌ ‌quantitative‌ ‌estimates‌ ‌in‌‌ 

454 Table‌ ‌2,‌ ‌which‌ ‌suggest‌ ‌that‌ ‌the‌ ‌WET‌ ‌ensemble‌ ‌was‌ ‌5‌ ‌times‌ ‌more‌ ‌likely‌ ‌to‌ ‌produce‌ ‌a‌ ‌1-in-20‌‌ 

455 year‌ ‌wet‌ ‌(PRm)‌ ‌extreme,‌ ‌and‌ ‌12‌ ‌times‌ ‌more‌ ‌likely‌ ‌to‌ ‌produce‌ ‌a‌ ‌1-in-100‌ ‌year‌ ‌extreme.‌ ‌ 

456  ‌An‌ ‌analog-based‌ ‌dynamical‌ ‌analysis‌ ‌shows‌ ‌that,‌ ‌once‌ ‌again,‌ ‌the‌ ‌large-scale‌ ‌circulation‌‌ 

457 pattern‌ ‌present‌ ‌in‌ ‌the‌ ‌study‌ ‌winter‌ ‌was‌ ‌important‌ ‌for‌ ‌the‌ ‌development‌ ‌of‌ ‌the‌ ‌extreme‌ ‌rainfall‌‌ 

458 that‌ ‌was‌ ‌simulated,‌ ‌consistent‌ ‌with‌ ‌previous‌ ‌weather‌ ‌pattern‌ ‌studies‌ ‌‌(Richardson‌ ‌et‌ ‌al.,‌ ‌2018,‌‌ 

459 2020)‌.‌ ‌Interestingly,‌ ‌conditioning‌ ‌on‌ ‌the‌ ‌study‌ ‌winter‌ ‌dynamics‌ ‌appears‌ ‌to‌ ‌have‌ ‌a‌ ‌smaller‌‌ 

460 influence‌ ‌on‌ ‌the‌ ‌WET‌ ‌ensemble‌ ‌than‌ ‌on‌ ‌the‌ ‌corresponding‌ ‌baseline:‌ ‌the‌ ‌difference‌ ‌between‌‌ 

461 the‌ ‌distributions‌ ‌implied‌ ‌by‌ ‌the‌ ‌PDF‌ ‌and‌ ‌by‌ ‌the‌ ‌dotted‌ ‌bar‌ ‌is‌ ‌much‌ ‌greater‌ ‌for‌ ‌the‌ ‌baseline‌‌ 

462 simulations‌ ‌(black)‌ ‌than‌ ‌for‌ ‌the‌ ‌future‌ ‌simulations‌ ‌(dark‌ ‌blue)‌ ‌in‌ ‌Figure‌ ‌5A.‌ ‌This‌ ‌may‌ ‌be‌ ‌due‌‌ 

463 to‌ ‌the‌ ‌SST/SIC‌ ‌preconditioning‌ ‌present‌ ‌in‌ ‌the‌ ‌2072‌ ‌ensemble.‌ ‌ 
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‌ 

464 3.3‌ ‌Sampling‌ ‌record-shattering‌ ‌subseasonal‌ ‌events‌ ‌ 

465 Although‌ ‌this‌ ‌study‌ ‌is‌ ‌largely‌ ‌concerned‌ ‌with‌ ‌extremes‌ ‌that‌ ‌occur‌ ‌on‌ ‌seasonal‌ ‌timescales,‌ ‌the‌‌ 

466 novel‌ ‌large‌ ‌ensembles‌ ‌created‌ ‌here‌ ‌also‌ ‌provide‌ ‌a‌ ‌set‌ ‌of‌ ‌extremes‌ ‌occurring‌ ‌on‌ ‌shorter‌‌ 

467 weather‌ ‌timescales.‌ ‌Such‌ ‌extreme‌ ‌weather‌ ‌events‌ ‌are‌ ‌of‌ ‌particular‌ ‌importance‌ ‌for‌ ‌decisions‌‌ 

468 surrounding‌ ‌adaptation‌ ‌to‌ ‌climate‌ ‌change.‌ ‌The‌ ‌“H++”‌ ‌scenario‌ ‌concept‌ ‌has‌ ‌been‌ ‌developed‌‌ 

469 to‌ ‌inform‌ ‌such‌ ‌adaptation‌ ‌decisions‌ ‌by‌ ‌considering‌ ‌plausible‌ ‌low‌ ‌likelihood‌ ‌but‌ ‌high‌ ‌impact‌‌ 

470 events‌ ‌that‌ ‌might‌ ‌test‌ ‌the‌ ‌limits‌ ‌to‌ ‌adaptation‌ ‌‌(D.‌ ‌King‌ ‌et‌ ‌al.,‌ ‌2015;‌ ‌Lowe‌ ‌et‌ ‌al.,‌ ‌2009;‌ ‌Wade‌‌ 

https://www.zotero.org/google-docs/?fPceDB


471 et‌ ‌al.,‌ ‌2015)‌.‌ ‌Here‌ ‌we‌ ‌consider‌ ‌how‌ ‌the‌ ‌ExSamples‌ ‌methodology‌ ‌could‌ ‌be‌ ‌used‌ ‌to‌ ‌supplement‌‌ 

472 the‌ ‌UKCP18‌ ‌PPE‌ ‌with‌ ‌regard‌ ‌to‌ ‌such‌ ‌H++‌ ‌scenarios‌ ‌by‌ ‌examining‌ ‌a‌ ‌particular‌ ‌ExSamples‌‌ 

473 ensemble‌ ‌member‌ ‌as‌ ‌a‌ ‌case‌ ‌study.‌ ‌ 

474 This‌ ‌case‌ ‌study‌ ‌is‌ ‌an‌ ‌example‌ ‌of‌ ‌extreme‌ ‌DJF‌ ‌maximum‌ ‌of‌ ‌daily‌ ‌maximum‌ ‌temperatures‌‌ 

475 averaged‌ ‌over‌ ‌the‌ ‌UK‌ ‌(TXx‌ ‌as‌ ‌previously‌ ‌defined).‌ ‌Figure‌ ‌6‌ ‌shows‌ ‌a‌ ‌return‌ ‌period‌ ‌diagram‌ ‌of‌‌ 

476 UKCP‌ ‌2061-2080‌ ‌TXx‌ ‌deviations‌ ‌(centered‌ ‌on‌ ‌the‌ ‌mean‌ ‌anomaly‌ ‌for‌ ‌2061-2071‌ ‌over‌‌ 

477 2007-2016),‌ ‌plus‌ ‌a‌ ‌fitted‌ ‌generalised‌ ‌extreme‌ ‌value‌ ‌distribution‌ ‌(GEV)‌ ‌and‌ ‌associated‌‌ 

478 uncertainty.‌ ‌GEVs‌ ‌are‌ ‌often‌ ‌used‌ ‌to‌ ‌statistically‌ ‌model‌ ‌block‌ ‌maxima‌ ‌of‌ ‌climate‌ ‌variables;‌ ‌and‌‌ 

479 therefore‌ ‌infer‌ ‌information‌ ‌about‌ ‌the‌ ‌likelihood‌ ‌of‌ ‌such‌ ‌extreme‌ ‌events‌ ‌‌(S.‌ ‌J.‌ ‌Brown‌ ‌et‌ ‌al.,‌‌ 

480 2014)‌.‌ ‌However,‌ ‌this‌ ‌statistical‌ ‌approach‌ ‌appears‌ ‌to‌ ‌have‌ ‌inadequately‌ ‌accounted‌ ‌for‌ ‌the‌ ‌risk‌‌ 

481 of‌ ‌very‌ ‌high‌ ‌impact‌ ‌events,‌ ‌an‌ ‌issue‌ ‌noted‌ ‌previously‌ ‌by‌ ‌‌Sippel‌ ‌et‌ ‌al.‌ ‌(2015)‌.‌ ‌The‌ ‌dashed‌ ‌dark‌‌ 

482 orange‌ ‌line‌ ‌in‌ ‌Figure‌ ‌6‌ ‌shows‌ ‌the‌ ‌TXx‌ ‌for‌ ‌HOT1‌ ‌ensemble‌ ‌member‌ ‌c0qu,‌ ‌which‌ ‌lies‌‌ 

483 considerably‌ ‌above‌ ‌(by‌ ‌2.3‌ ‌°C)‌ ‌any‌ ‌UKCP18‌ ‌PPE‌ ‌samples.‌ ‌This‌ ‌event‌ ‌is‌ ‌roughly‌ ‌5‌ ‌standard‌‌ 

484 deviations‌ ‌above‌ ‌the‌ ‌mean‌ ‌of‌ ‌the‌ ‌UKCP18‌ ‌deviations‌ ‌distribution‌ ‌shown‌ ‌in‌ ‌Figure‌ ‌6.‌ ‌This‌ ‌is‌‌ 

485 an‌ ‌example‌ ‌of‌ ‌a‌ ‌potential‌ ‌“record-shattering”‌ ‌event‌ ‌as‌ ‌discussed‌ ‌by‌ ‌‌Fischer‌ ‌et‌ ‌al.‌ ‌(2021)‌.‌‌ 

486 Since‌ ‌the‌ ‌particular‌ ‌GEV‌ ‌fitted‌ ‌to‌ ‌the‌ ‌UKCP18‌ ‌deviations‌ ‌is‌ ‌type‌ ‌III‌ ‌‌(Coles,‌ ‌2001)‌,‌ ‌it‌ ‌sets‌ ‌a‌‌ 

487 theoretical‌ ‌upper‌ ‌bound‌ ‌on‌ ‌TXx,‌ ‌consistent‌ ‌with‌ ‌the‌ ‌physical‌ ‌laws‌ ‌governing‌ ‌energy‌ ‌transfer‌‌ 

488 in‌ ‌the‌ ‌climate‌ ‌system.‌ ‌However,‌ ‌in‌ ‌a‌ ‌100,000‌ ‌member‌ ‌resample‌ ‌bootstrap,‌ ‌the‌ ‌UKCP‌ ‌inferred‌‌ 

489 GEV‌ ‌upper‌ ‌bound‌ ‌is‌ ‌only‌ ‌above‌ ‌this‌ ‌most‌ ‌extreme‌ ‌member‌ ‌in‌ ‌0.3‌ ‌%‌ ‌of‌ ‌resamples.‌ ‌This‌ ‌is‌ ‌not‌‌ 

490 due‌ ‌to‌ ‌a‌ ‌mean‌ ‌bias‌ ‌between‌ ‌the‌ ‌two‌ ‌models:‌ ‌they‌ ‌display‌ ‌near-identical‌ ‌climatological‌‌ 

491 distributions‌ ‌of‌ ‌TXx‌ ‌over‌ ‌the‌ ‌baseline‌ ‌period.‌ ‌We‌ ‌note‌ ‌that‌ ‌this‌ ‌exceptional‌ ‌TXx‌ ‌extreme‌‌ 

492 arises‌ ‌from‌ ‌a‌ ‌very‌ ‌similar‌ ‌set‌ ‌of‌ ‌meteorological‌ ‌circumstances‌ ‌(not‌ ‌shown)‌ ‌to‌ ‌the‌‌ 

493 record-breaking‌ ‌winter‌ ‌temperature‌ ‌extreme‌ ‌that‌ ‌occurred‌ ‌over‌ ‌Europe‌ ‌in‌ ‌2019‌ ‌‌(Kendon‌ ‌et‌‌ 

494 al.,‌ ‌2020;‌ ‌Young‌ ‌&‌ ‌Galvin,‌ ‌2020)‌.‌ ‌Therefore,‌ ‌the‌ ‌methodology‌ ‌used‌ ‌here‌ ‌could‌ ‌help‌ ‌to‌ ‌provide‌‌ 

495 examples‌ ‌of‌ ‌the‌ ‌kinds‌ ‌of‌ ‌H++‌ ‌scenarios‌ ‌used‌ ‌to‌ ‌consider‌ ‌the‌ ‌limits‌ ‌to‌ ‌adaptation.‌‌ ‌  
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‌ 

496 4.‌ ‌Discussion‌ ‌ 

497 The‌ ‌first‌ ‌science‌ ‌question‌ ‌we‌ ‌aimed‌ ‌to‌ ‌answer‌ ‌through‌ ‌our‌ ‌experiments‌ ‌is‌ ‌also‌ ‌the‌ ‌most‌‌ 

498 straightforward:‌ ‌is‌ ‌the‌ ‌atmosphere-only‌ ‌HadAM4‌ ‌model‌ ‌able‌ ‌to‌ ‌simulate‌ ‌the‌ ‌highest‌‌ 

499 extremes‌ ‌observed‌ ‌in‌ ‌the‌ ‌UKCP18‌ ‌HadGEM3-GC3.05‌ ‌PPE,‌ ‌or‌ ‌do‌ ‌the‌ ‌differences‌ ‌between‌ ‌the‌‌ 

500 models‌ ‌preclude‌ ‌HadAM4‌ ‌from‌ ‌producing‌ ‌such‌ ‌events?‌ ‌The‌ ‌answer‌ ‌to‌ ‌this‌ ‌is‌ ‌a‌ ‌confident‌ ‌yes.‌‌ 



501 We‌ ‌have‌ ‌found‌ ‌that‌ ‌HadAM4‌ ‌is‌ ‌not‌ ‌only‌ ‌able‌ ‌to‌ ‌closely‌ ‌reproduce‌ ‌the‌ ‌present-day‌ ‌climate‌‌ 

502 statistics‌ ‌of‌ ‌the‌ ‌more‌ ‌complex‌ ‌model‌ ‌(after‌ ‌correcting‌ ‌the‌ ‌bias‌ ‌in‌ ‌seasonal‌ ‌mean‌ ‌rainfall,‌‌ 

503 which‌ ‌may‌ ‌be‌ ‌due‌ ‌to‌ ‌model‌ ‌parameterisation),‌ ‌but‌ ‌is‌ ‌able‌ ‌to‌ ‌produce‌ ‌winters‌ ‌just‌ ‌as‌ ‌extreme‌‌ 

504 as‌ ‌the‌ ‌selected‌ ‌study‌ ‌winters‌ ‌when‌ ‌driven‌ ‌by‌ ‌the‌ ‌SST‌ ‌and‌ ‌SICs‌ ‌from‌ ‌those‌ ‌winters.‌ ‌ 

505 The‌ ‌question‌ ‌that‌ ‌naturally‌ ‌follows‌ ‌on‌ ‌from‌ ‌this‌ ‌is:‌ ‌were‌ ‌the‌ ‌selected‌ ‌winters‌ ‌genuinely‌‌ 

506 exceptional‌ ‌events,‌ ‌or‌ ‌could‌ ‌they‌ ‌have‌ ‌been‌ ‌more‌ ‌extreme?‌ ‌Despite‌ ‌the‌ ‌fact‌ ‌the‌ ‌selected‌‌ 

507 winters‌ ‌were‌ ‌already‌ ‌far‌ ‌into‌ ‌the‌ ‌tails‌ ‌of‌ ‌the‌ ‌projected‌ ‌climate‌ ‌distribution‌ ‌from‌ ‌UKCP18,‌ ‌the‌‌ 

508 SST/SIC‌ ‌forced‌ ‌ExSamples‌ ‌experiments‌ ‌show‌ ‌that‌ ‌higher‌ ‌extremes‌ ‌are‌ ‌possible.‌ ‌In‌ ‌the‌ ‌two‌‌ 

509 winters‌ ‌pre-conditioned‌ ‌by‌ ‌the‌ ‌SST‌ ‌and‌ ‌SIC‌ ‌patterns,‌ ‌there‌ ‌were‌ ‌more‌ ‌higher‌ ‌extremes‌ ‌than‌ 

510 in‌ ‌the‌ ‌winter‌ ‌where‌ ‌the‌ ‌ocean‌ ‌pattern‌ ‌did‌ ‌not‌ ‌contribute‌ ‌to‌ ‌the‌ ‌extreme.‌ ‌Since‌ ‌the‌ ‌ExSamples‌‌ 

511 ensembles‌ ‌are‌ ‌forced‌ ‌by‌ ‌the‌ ‌same‌ ‌lower‌ ‌boundary‌ ‌conditions‌ ‌as‌ ‌the‌ ‌study‌ ‌winters,‌ ‌they‌‌ 

512 cannot‌ ‌be‌ ‌used‌ ‌to‌ ‌determine‌ ‌the‌ ‌unconditional‌ ‌likelihood‌ ‌of‌ ‌these‌ ‌higher‌ ‌extremes,‌ ‌but‌ ‌they‌‌ 

513 do‌ ‌provide‌ ‌plausible‌ ‌and‌ ‌physically‌ ‌consistent‌ ‌scenarios‌ ‌in‌ ‌which‌ ‌such‌ ‌higher‌ ‌extremes‌‌ 

514 might‌ ‌be‌ ‌generated.‌‌ ‌  

515 We‌ ‌suggest‌ ‌that‌ ‌the‌ ‌ExSamples‌ ‌methodology‌ ‌is‌ ‌more‌ ‌efficient‌ ‌at‌ ‌sampling‌ ‌extremes‌ ‌than‌ ‌the‌‌ 

516 simplest‌ ‌alternative‌ ‌approach‌ ‌of‌ ‌increasing‌ ‌the‌ ‌UKCP18‌ ‌PPE‌ ‌size.‌ ‌We‌ ‌have‌ ‌found‌ ‌that‌ ‌overall,‌‌ 

517 for‌ ‌both‌ ‌hot‌ ‌and‌ ‌wet‌ ‌extremes,‌ ‌on‌ ‌both‌ ‌seasonal‌ ‌and‌ ‌daily‌ ‌timescales,‌ ‌the‌ ‌future‌ ‌ExSamples‌‌ 

518 ensembles‌ ‌were‌ ‌able‌ ‌to‌ ‌produce‌ ‌many‌ ‌more‌ ‌samples‌ ‌of‌ ‌extreme‌ ‌winters‌ ‌than‌ ‌would‌ ‌be‌‌ 

519 expected‌ ‌if‌ ‌we‌ ‌simply‌ ‌increased‌ ‌the‌ ‌UKCP18‌ ‌2061-2080‌ ‌ensemble‌ ‌to‌ ‌be‌ ‌the‌ ‌same‌ ‌size‌ ‌as‌‌ 

520 the‌ ‌ExSamples‌ ‌ensembles.‌ ‌Across‌ ‌the‌ ‌three‌ ‌future‌ ‌ExSamples‌ ‌ensembles,‌ ‌for‌ ‌mean‌‌ 

521 temperature‌ ‌we‌ ‌sampled‌ ‌44‌ ‌winters‌ ‌above‌ ‌the‌ ‌most‌ ‌extreme‌ ‌winter‌ ‌in‌ ‌UKCP18,‌ ‌and‌ ‌106‌ ‌for‌‌ 

522 mean‌ ‌precipitation‌ ‌(using‌ ‌re-centered‌ ‌deviations‌ ‌to‌ ‌define‌ ‌the‌ ‌UKCP18‌ ‌maxima‌ ‌as‌ ‌shown‌ ‌in‌‌ 

523 Figures‌ ‌3-5,‌ ‌S4-S6).‌ ‌However,‌ ‌there‌ ‌is‌ ‌an‌ ‌important‌ ‌caveat‌ ‌to‌ ‌bear‌ ‌in‌ ‌mind‌ ‌here:‌ ‌the‌‌ 

524 SST/SICs‌ ‌taken‌ ‌from‌ ‌the‌ ‌selected‌ ‌study‌ ‌winters‌ ‌clearly‌ ‌“primed”‌ ‌the‌ ‌corresponding‌‌ 

525 ExSamples‌ ‌ensembles‌ ‌towards‌ ‌producing‌ ‌relatively‌ ‌more‌ ‌extremes‌ ‌in‌ ‌two‌ ‌of‌ ‌the‌ ‌three‌ ‌cases‌‌ 



526 (HOT2‌ ‌and‌ ‌WET),‌ ‌but‌ ‌not‌ ‌in‌ ‌the‌ ‌third‌ ‌(HOT1).‌ ‌For‌ ‌the‌ ‌two‌ ‌primed‌ ‌study‌ ‌winters,‌ ‌the‌ ‌benefits‌ ‌of‌‌ 

527 the‌ ‌ExSamples‌ ‌methodology‌ ‌is‌ ‌clear:‌ ‌we‌ ‌get‌ ‌many‌ ‌more‌ ‌samples‌ ‌of‌ ‌extreme‌ ‌winters‌ ‌than‌‌ 

528 would‌ ‌be‌ ‌expected‌ ‌from‌ ‌an‌ ‌unconditioned‌ ‌ensemble‌ ‌of‌ ‌the‌ ‌same‌ ‌size‌ ‌(like‌ ‌the‌ ‌UKCP18‌ ‌PPE).‌‌ 

529 In‌ ‌particular,‌ ‌the‌ ‌HOT2‌ ‌ensemble‌ ‌produces‌ ‌10‌ ‌times‌ ‌more‌ ‌samples‌ ‌of‌ ‌1-in-100‌ ‌year‌ ‌TXm‌ ‌and‌‌ 

530 PRm‌ ‌events‌ ‌than‌ ‌would‌ ‌be‌ ‌expected‌ ‌for‌ ‌an‌ ‌equal-size‌ ‌UKCP18‌ ‌PPE‌ ‌(from‌ ‌Table‌ ‌2).‌ ‌For‌ ‌the‌‌ 

531 third‌ ‌study‌ ‌winter‌ ‌the‌ ‌overall‌ ‌benefits‌ ‌to‌ ‌sampling‌ ‌efficiency‌ ‌are‌ ‌less‌ ‌clear.‌ ‌However,‌ ‌this‌‌ 

532 winter‌ ‌generated‌ ‌a‌ ‌TXx‌ ‌extreme‌ ‌that‌ ‌far‌ ‌exceeds‌ ‌anything‌ ‌seen‌ ‌in‌ ‌the‌ ‌UKCP18‌ ‌PPE‌ ‌(and‌‌ 

533 indeed‌ ‌anything‌ ‌that‌ ‌would‌ ‌be‌ ‌expected‌ ‌to‌ ‌be‌ ‌seen‌ ‌even‌ ‌if‌ ‌the‌ ‌UKCP18‌ ‌PPE‌ ‌was‌ ‌considerably‌‌ 

534 larger,‌ ‌based‌ ‌on‌ ‌a‌ ‌statistical‌ ‌extreme‌ ‌value‌ ‌analysis).‌ ‌ 

535 In‌ ‌addition‌ ‌to‌ ‌the‌ ‌methodology‌ ‌presented‌ ‌here,‌ ‌the‌ ‌future‌ ‌ExSamples‌ ‌ensembles‌ ‌explored‌‌ 

536 here‌ ‌represent‌ ‌a‌ ‌data‌ ‌set‌ ‌that‌ ‌may‌ ‌be‌ ‌of‌ ‌considerable‌ ‌interest‌ ‌to‌ ‌the‌ ‌wider‌ ‌scientific‌‌ 

537 community,‌ ‌since‌ ‌they‌ ‌provide‌ ‌multivariate‌ ‌spatially‌ ‌coherent‌ ‌information‌ ‌for‌ ‌climate‌‌ 

538 projections‌ ‌of‌ ‌very‌ ‌high‌ ‌return‌ ‌period‌ ‌extremes.‌ ‌These‌ ‌ensembles,‌ ‌and‌ ‌in‌ ‌particular‌ ‌the‌‌ 

539 physically‌ ‌plausible‌ ‌simulations‌ ‌of‌ ‌extremes‌ ‌within,‌ ‌could‌ ‌be‌ ‌used‌ ‌in‌ ‌the‌ ‌context‌ ‌of‌ ‌“H++‌‌ 

540 scenarios”‌ ‌to‌ ‌explore‌ ‌and‌ ‌understand‌ ‌the‌ ‌potential‌ ‌impacts‌ ‌of‌ ‌climate‌ ‌change,‌ ‌and‌ ‌the‌ ‌limits‌‌ 

541 to‌ ‌adaptation‌ ‌planning‌ ‌‌(Wade‌ ‌et‌ ‌al.,‌ ‌2015)‌.‌ ‌The‌ ‌efficiency‌ ‌with‌ ‌which‌ ‌we‌ ‌have‌ ‌been‌ ‌able‌ ‌to‌‌ 

542 sample‌ ‌extremes‌ ‌with‌ ‌the‌ ‌ExSamples‌ ‌methodology‌ ‌means‌ ‌that‌ ‌we‌ ‌can‌ ‌provide‌ ‌a‌ ‌much‌ ‌richer‌‌ 

543 set‌ ‌of‌ ‌future‌ ‌extreme‌ ‌winter‌ ‌events‌ ‌than‌ ‌exist‌ ‌within‌ ‌the‌ ‌UKCP18‌ ‌PPE.‌ ‌This‌ ‌rich‌ ‌set‌ ‌of‌ ‌events‌‌ 

544 could‌ ‌be‌ ‌used,‌ ‌for‌ ‌example,‌ ‌by‌ ‌impact‌ ‌modelling,‌ ‌to‌ ‌more‌ ‌fully‌ ‌explore‌ ‌the‌ ‌space‌ ‌of‌ ‌impacts‌‌ 

545 that‌ ‌may‌ ‌arise‌ ‌from‌ ‌climate‌ ‌change.‌ ‌ 

546 A‌ ‌final‌ ‌topic‌ ‌that‌ ‌this‌ ‌study‌ ‌touches‌ ‌on‌ ‌is‌ ‌the‌ ‌use‌ ‌of‌ ‌atmosphere-only‌ ‌versus‌ ‌coupled‌ ‌models.‌‌ 

547 Here,‌ ‌we‌ ‌have‌ ‌explored‌ ‌both‌ ‌present-day‌ ‌baseline‌ ‌and‌ ‌projected‌ ‌climates‌ ‌from‌ ‌a‌ ‌coupled‌‌ 

548 model‌ ‌(HadGEM3-GC3.05)‌ ‌and‌ ‌a‌ ‌comparable‌ ‌atmosphere-only‌ ‌model‌ ‌(HadAM4).‌ ‌It‌ ‌has‌‌ 

549 previously‌ ‌been‌ ‌found‌ ‌that‌ ‌atmosphere-only‌ ‌simulations‌ ‌can‌ ‌underestimate‌ ‌the‌ ‌internal‌‌ 

550 variability‌ ‌of‌ ‌the‌ ‌climate‌ ‌system‌ ‌‌(Fischer‌ ‌et‌ ‌al.,‌ ‌2018;‌ ‌He‌ ‌&‌ ‌Soden,‌ ‌2016)‌,‌ ‌thereby‌ ‌producing‌‌ 

https://www.zotero.org/google-docs/?c0c00E
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551 biases‌ ‌in‌ ‌the‌ ‌estimated‌ ‌frequency‌ ‌of‌ ‌extreme‌ ‌events‌ ‌and‌ ‌their‌ ‌changes‌ ‌in‌ ‌frequency‌ ‌with‌ 

552 climate‌ ‌change,‌ ‌though‌ ‌this‌ ‌is‌ ‌an‌ ‌area‌ ‌of‌ ‌ongoing‌ ‌research‌ ‌‌(Barsugli‌ ‌&‌ ‌Battisti,‌ ‌1998;‌ ‌Copsey‌‌ 

553 et‌ ‌al.,‌ ‌2006;‌ ‌Dong‌ ‌et‌ ‌al.,‌ ‌2017;‌ ‌Saravanan,‌ ‌1998)‌.‌ ‌However,‌ ‌for‌ ‌the‌ ‌UK‌ ‌region‌ ‌studied‌ ‌here,‌ ‌we‌‌ 

554 have‌ ‌not‌ ‌found‌ ‌that‌ ‌this‌ ‌is‌ ‌the‌ ‌case.‌ ‌For‌ ‌the‌ ‌baseline‌ ‌period,‌ ‌the‌ ‌atmosphere-only‌ ‌model‌ ‌did‌‌ 

555 not‌ ‌systematically‌ ‌underestimate‌ ‌the‌ ‌internal‌ ‌variability‌ ‌of‌ ‌the‌ ‌seasonal‌ ‌(or‌ ‌daily)‌ ‌timescale‌‌ 

556 extreme‌ ‌variables‌ ‌considered‌ ‌here‌ ‌(Figures‌ ‌3-5,‌ ‌S4-S12).‌ ‌Since‌ ‌we‌ ‌only‌ ‌have‌ ‌ExSamples‌‌ 

557 future‌ ‌ensembles‌ ‌for‌ ‌three‌ ‌different‌ ‌sets‌ ‌of‌ ‌SST/SIC‌ ‌conditions,‌ ‌it‌ ‌is‌ ‌more‌ ‌difficult‌ ‌to‌ ‌quantify‌‌ 

558 whether‌ ‌the‌ ‌projected‌ ‌internal‌ ‌variability‌ ‌is‌ ‌significantly‌ ‌different‌ ‌from‌ ‌the‌ ‌coupled‌ ‌model‌‌ 

559 simulations,‌ ‌but‌ ‌the‌ ‌climate‌ ‌distributions‌ ‌of‌ ‌the‌ ‌relatively‌ ‌unconditioned‌ ‌HOT1‌ ‌ensemble‌‌ 

560 suggest‌ ‌that‌ ‌this‌ ‌is‌ ‌not‌ ‌the‌ ‌case.‌ ‌ 

561 If‌ ‌the‌ ‌ExSamples‌ ‌methodology‌ ‌were‌ ‌to‌ ‌be‌ ‌repeated,‌ ‌for‌ ‌the‌ ‌purpose‌ ‌of‌ ‌sampling‌ ‌additional‌‌ 

562 extremes,‌ ‌being‌ ‌able‌ ‌to‌ ‌pre-select‌ ‌study‌ ‌winters‌ ‌(ie.‌ ‌lower‌ ‌boundary‌ ‌conditions)‌ ‌that‌‌ 

563 condition‌ ‌the‌ ‌resulting‌ ‌ensembles‌ ‌towards‌ ‌extremes‌ ‌would‌ ‌be‌ ‌of‌ ‌considerable‌ ‌value.‌ ‌Here,‌‌ 

564 we‌ ‌simply‌ ‌chose‌ ‌three‌ ‌of‌ ‌the‌ ‌most‌ ‌extreme‌ ‌winters‌ ‌within‌ ‌the‌ ‌UKCP18‌ ‌PPE,‌ ‌expecting‌ ‌that‌‌ 

565 these‌ ‌would‌ ‌be‌ ‌more‌ ‌likely‌ ‌to‌ ‌produce‌ ‌extremes‌ ‌than‌ ‌a‌ ‌randomly‌ ‌selected‌ ‌winter.‌ ‌This‌ ‌turned‌‌ 

566 out‌ ‌to‌ ‌be‌ ‌the‌ ‌case‌ ‌for‌ ‌two‌ ‌of‌ ‌the‌ ‌winters‌ ‌we‌ ‌chose,‌ ‌but‌ ‌not‌ ‌the‌ ‌third.‌ ‌Understanding‌ ‌what‌‌ 

567 features‌ ‌of‌ ‌the‌ ‌prescribed‌ ‌SST‌ ‌and‌ ‌SIC‌ ‌patterns‌ ‌caused‌ ‌the‌ ‌ensembles‌ ‌to‌ ‌be‌ ‌conditioned‌‌ 

568 towards‌ ‌extremes‌ ‌would‌ ‌be‌ ‌a‌ ‌very‌ ‌useful‌ ‌direction‌ ‌for‌ ‌further‌ ‌study‌ ‌to‌ ‌take.‌ ‌If‌ ‌future‌ ‌research‌‌ 

569 were‌ ‌able‌ ‌to‌ ‌provide‌ ‌evidence‌ ‌of‌ ‌such‌ ‌features,‌ ‌then‌ ‌we‌ ‌could‌ ‌pre-select‌ ‌study‌ ‌winters‌ ‌more‌‌ 

570 intelligently,‌ ‌and‌ ‌therefore‌ ‌sample‌ ‌extremes‌ ‌even‌ ‌more‌ ‌efficiently.‌ ‌There‌ ‌has‌ ‌been‌ ‌some‌‌ 

571 previous‌ ‌work‌ ‌done‌ ‌on‌ ‌the‌ ‌subject‌ ‌of‌ ‌how‌ ‌SST‌ ‌patterns‌ ‌affect‌ ‌seasonal‌ ‌mid-latitude‌ ‌weather‌‌ 

572 that‌ ‌could‌ ‌potentially‌ ‌be‌ ‌used‌ ‌in‌ ‌this‌ ‌manner‌ ‌‌(Baker‌ ‌et‌ ‌al.,‌ ‌2019)‌.‌ ‌On‌ ‌a‌ ‌related‌ ‌note,‌ ‌our‌‌ 

573 methodology‌ ‌could‌ ‌be‌ ‌used‌ ‌to‌ ‌understand‌ ‌real‌ ‌extremes‌ ‌in‌ ‌the‌ ‌present-day‌ ‌by‌ ‌driving‌ ‌the‌‌ 

574 model‌ ‌with‌ ‌observed‌ ‌rather‌ ‌than‌ ‌simulated‌ ‌SST/SICs.‌ ‌This‌ ‌would‌ ‌allow‌ ‌some‌ ‌exploration‌ ‌of‌‌ 

575 whether‌ ‌extremes‌ ‌that‌ ‌have‌ ‌already‌ ‌occurred‌ ‌might‌ ‌have‌ ‌been‌ ‌even‌ ‌more‌ ‌extreme.‌ ‌ 
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576 Another‌ ‌research‌ ‌direction‌ ‌that‌ ‌could‌ ‌be‌ ‌taken‌ ‌would‌ ‌be‌ ‌to‌ ‌attempt‌ ‌to‌ ‌extract‌ ‌additional‌‌ 

577 information‌ ‌from‌ ‌the‌ ‌existing‌ ‌set‌ ‌of‌ ‌events‌ ‌provided‌ ‌by‌ ‌the‌ ‌ExSamples‌ ‌ensembles‌ ‌presented‌‌ 

578 here.‌ ‌Although‌ ‌the‌ ‌~60‌ ‌km‌ ‌(N216)‌ ‌resolution‌ ‌of‌ ‌both‌ ‌the‌ ‌ExSamples‌ ‌ensemble‌ ‌and‌ ‌UKCP18‌‌ 

579 PPE‌ ‌is‌ ‌very‌ ‌competitive‌ ‌within‌ ‌the‌ ‌context‌ ‌of‌ ‌the‌ ‌current‌ ‌generation‌ ‌of‌ ‌climate‌ ‌models‌‌ 

580 (‌CMIP6‌ ‌Source_id‌ ‌Values‌,‌ ‌n.d.;‌ ‌Eyring‌ ‌et‌ ‌al.,‌ ‌2016)‌,‌ ‌it‌ ‌is‌ ‌still‌ ‌relatively‌ ‌coarse‌ ‌for‌ ‌providing‌‌ 

581 assessments‌ ‌of‌ ‌weather‌ ‌events‌ ‌on‌ ‌small‌ ‌spatial‌ ‌or‌ ‌temporal‌ ‌scales.‌ ‌For‌ ‌example,‌‌ 

582 catchment-scale‌ ‌hydrological‌ ‌modelling‌ ‌would‌ ‌require‌ ‌much‌ ‌higher‌ ‌spatial‌ ‌resolutions‌‌ 

583 (Charlton‌ ‌et‌ ‌al.,‌ ‌2006)‌.‌ ‌Hence,‌ ‌we‌ ‌suggest‌ ‌that‌ ‌the‌ ‌ExSamples‌ ‌ensembles‌ ‌could‌ ‌be‌‌ 

584 statistically‌ ‌downscaled‌ ‌(or‌ ‌dynamically‌ ‌downscaled‌ ‌using‌ ‌a‌ ‌regional‌ ‌model‌ ‌if‌ ‌suitable‌ ‌model‌‌ 

585 output‌ ‌was‌ ‌stored‌ ‌to‌ ‌drive‌ ‌these‌ ‌models)‌ ‌in‌ ‌order‌ ‌to‌ ‌provide‌ ‌information‌ ‌that‌ ‌is‌ ‌more‌ ‌relevant‌‌ 

586 for‌ ‌localised‌ ‌climate‌ ‌change‌ ‌adaptation‌ ‌planning.‌ ‌Such‌ ‌downscaling‌ ‌could‌ ‌result‌ ‌in‌ ‌an‌‌ 

587 extensive‌ ‌set‌ ‌of‌ ‌extreme‌ ‌local‌ ‌scenarios‌ ‌to‌ ‌complement‌ ‌the‌ ‌raw‌ ‌model‌ ‌output‌ ‌that‌ ‌provides‌ ‌a‌‌ 

588 corresponding‌ ‌set‌ ‌of‌ ‌extreme‌ ‌national‌ ‌scenarios.‌ ‌For‌ ‌downscaling‌ ‌to‌ ‌be‌ ‌trustworthy,‌ ‌the‌‌ 

589 large-scale‌ ‌dynamical‌ ‌features‌ ‌of‌ ‌the‌ ‌input‌ ‌simulations‌ ‌must‌ ‌be‌ ‌an‌ ‌accurate‌ ‌representation‌‌ 

590 of‌ ‌reality.‌ ‌The‌ ‌analysis‌ ‌that‌ ‌we‌ ‌have‌ ‌performed‌ ‌here‌ ‌suggests‌ ‌this‌ ‌is‌ ‌the‌ ‌case:‌ ‌as‌‌ 

591 demonstrated‌ ‌in‌ ‌the‌ ‌‌Supplementary‌ ‌Information‌,‌ ‌the‌ ‌large-scale‌ ‌dynamics‌ ‌over‌ ‌the‌‌ 

592 Euro-Atlantic‌ ‌sector‌ ‌within‌ ‌HadAM4‌ ‌very‌ ‌closely‌ ‌replicates‌ ‌those‌ ‌within‌ ‌HadGEM3-GC3.05.‌‌ ‌  

593 5.‌ ‌Concluding‌ ‌remarks‌ ‌ 

594 In‌ ‌this‌ ‌study‌ ‌we‌ ‌have‌ ‌presented‌ ‌a‌ ‌new‌ ‌set‌ ‌of‌ ‌~1000-member‌ ‌ensembles‌ ‌of‌ ‌simulations‌ ‌from‌‌ 

595 the‌ ‌HadAM4‌ ‌atmosphere-only‌ ‌model,‌ ‌run‌ ‌on‌ ‌the‌ ‌personal‌ ‌computers‌ ‌of‌ ‌volunteers‌ ‌using‌ ‌a‌‌ 

596 distributed‌ ‌computing‌ ‌system,‌ ‌to‌ ‌allow‌ ‌the‌ ‌study‌ ‌of‌ ‌extreme‌ ‌weather‌ ‌events.‌ ‌The‌ ‌lower‌‌ 

597 boundary‌ ‌conditions‌ ‌of‌ ‌these‌ ‌ensembles‌ ‌were‌ ‌taken‌ ‌from‌ ‌three‌ ‌of‌ ‌the‌ ‌most‌ ‌extreme‌ ‌winters‌‌ 

598 within‌ ‌the‌ ‌UKCP18‌ ‌PPE‌ ‌between‌ ‌2061-2080,‌ ‌and‌ ‌they‌ ‌therefore‌ ‌represent‌ ‌a‌ ‌comprehensive‌‌ 

599 sampling‌ ‌of‌ ‌atmospheric‌ ‌internal‌ ‌variability‌ ‌conditioned‌ ‌on‌ ‌the‌ ‌prescribed‌ ‌SST,‌ ‌SIC‌ ‌and‌‌ 
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600 anthropogenic‌ ‌forcings.‌ ‌Corresponding‌ ‌ensembles‌ ‌for‌ ‌a‌ ‌2007-2016‌ ‌baseline‌ ‌period‌ ‌were‌ ‌also‌‌ 

601 run‌ ‌to‌ ‌enable‌ ‌the‌ ‌HadAM4‌ ‌model‌ ‌to‌ ‌be‌ ‌verified‌ ‌against‌ ‌the‌ ‌coupled‌ ‌HadGEM3-GC3.05‌‌ 

602 model‌ ‌used‌ ‌in‌ ‌UKCP18.‌‌ ‌  

603 We‌ ‌find‌ ‌that‌ ‌the‌ ‌HadAM4‌ ‌ensembles‌ ‌are‌ ‌able‌ ‌to‌ ‌simulate‌ ‌winters‌ ‌with‌ ‌temperature‌ ‌and‌‌ 

604 precipitation‌ ‌anomalies‌ ‌that‌ ‌exceed‌ ‌the‌ ‌magnitudes‌ ‌of‌ ‌the‌ ‌most‌ ‌extreme‌ ‌examples‌ ‌within‌‌ 

605 the‌ ‌UKCP18‌ ‌PPE.‌ ‌Conditioning‌ ‌from‌ ‌the‌ ‌prescribed‌ ‌SST/SICs‌ ‌present‌ ‌in‌ ‌two‌ ‌of‌ ‌the‌ ‌three‌‌ 

606 ensembles‌ ‌resulted‌ ‌in‌ ‌significantly‌ ‌more‌ ‌extremes‌ ‌being‌ ‌sampled‌ ‌by‌ ‌these‌ ‌ensembles‌ ‌than‌‌ 

607 would‌ ‌be‌ ‌expected‌ ‌from‌ ‌a‌ ‌UKCP18‌ ‌PPE-style‌ ‌ensemble‌ ‌of‌ ‌the‌ ‌same‌ ‌size:‌ ‌around‌ ‌10‌ ‌times‌‌ 

608 more‌ ‌1-in-100‌ ‌year‌ ‌extremes.‌‌ ‌  

609 The‌ ‌computational‌ ‌efficiency‌ ‌with‌ ‌which‌ ‌our‌ ‌methodology‌ ‌was‌ ‌able‌ ‌to‌ ‌sample‌ ‌such‌ ‌extremes‌‌ 

610 provides‌ ‌a‌ ‌compelling‌ ‌argument‌ ‌for‌ ‌how‌ ‌it‌ ‌could‌ ‌be‌ ‌used‌ ‌to‌ ‌support‌ ‌future‌ ‌climate‌ ‌projection‌‌ 

611 efforts.‌ ‌The‌ ‌ensembles‌ ‌that‌ ‌we‌ ‌have‌ ‌presented‌ ‌here‌ ‌could‌ ‌themselves‌ ‌be‌ ‌used‌ ‌to‌ ‌provide‌‌ 

612 physically‌ ‌plausible‌ ‌simulations‌ ‌of‌ ‌extreme‌ ‌weather‌ ‌in‌ ‌the‌ ‌context‌ ‌of‌ ‌H++‌ ‌scenarios‌ ‌and‌ ‌for‌‌ 

613 adaptation‌ ‌planning.‌ ‌Although‌ ‌we‌ ‌have‌ ‌focussed‌ ‌on‌ ‌the‌ ‌UK‌ ‌in‌ ‌this‌ ‌study,‌ ‌our‌ ‌methodology‌‌ 

614 could‌ ‌be‌ ‌applied‌ ‌to‌ ‌other‌ ‌regions,‌ ‌subject‌ ‌to‌ ‌proper‌ ‌model‌ ‌validation‌ ‌‌(Murphy‌ ‌et‌ ‌al.,‌ ‌2018;‌‌ 

615 Watson‌ ‌et‌ ‌al.,‌ ‌2020)‌.‌ ‌ 
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