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Abstract. Narrativeevidencecontained within historical documents andcriptionsprovides animportantrecordof climate
variability for periodsprior to theonsetof systematianeteorological data collectioA common approach used by historical
climatologists taconvertsuchqualitativeinformationinto continuous quantitative proxy dassthroughthe generation of
ordinatscaleclimateindices.There is howeverconsiderable variability ithetypes of phenomena reconstructed using an
index approach antthe practice of index developmeint different parts of the worldrhis review, written by members of the
PAGES CRIAS Working Group acollectiveof climate historians and historical climatologists researching Climate
Reconstructions and Impacts from the Archives of Societm@svides the firsglobal synthesiof the use of the index
approach in climate reconstruction. We begin by summarising the range of studies that handices#dr climate
reconstructin acrosssix continents Europe, Asia, Africa, the Americas, Australusthe worldd s o ¢ e a n autline We
the different methods by which indices are developed in each of these reégotudinga discussion of the processes
adopted to verify and calibrate index series, and the measures used to express confidence and uncectaictydé/ith

a series of recommendations to guide the development of futureliedexl climate reconstructions to maximise their

effectiveness for use by climate modellers and in multiproxy climate reconstructions.

Keywords. Climatereconstruction; temperature reconstruction; precipitation reconstruction; historical climatology; climate
history; documentary evidence
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1. Introduction

Much of the effort othe palaeoclimatologicatommunityin recent decades h&susse on understanding loAgerm
changes in climate, typically atillennial, centenniglor at bes{in the case of dendroclimatology and palaeolimno)ayy>
decadal to annuaésolution. The results of thiesearcthave revolutionised our knowledgethof how climates have
variedin the pastind the potential drivers stichvariability. However, adfister et al. (2018pentify, the results of
palaeoclimate research are often t#raporal and spatialcale that is not suitable for understanding the sieom and local
impacts of climate variability upon economies and societies. To this end, historical climatologists work to redogktruct
resolutioni annual,seasonalmonthly and in some cases @ailseries of past temperature and precipitation varialfitity
the archives of societs as these are the scales at which weather impactsingivitduals and communitige.g. Allan et

al., 2016; Brénnimann et al., 2019)

The archives of sociiess, used here in a broad sense to refer to both written records and evidence preserved in the built
environmenie.g.historic floodmarkers inscription$, contain extensive information about past local weather and its
repercussions for the natural environment andaily lives.Informationsourcesnclude, but are not limited tannals,
chronicles, inscriptiondetters, diaries/journal@ncluding weathediaries) newspaperdjnancial, legal and administrative
documentss hi ps 6 litevatude, paeisongspaintingsand pictographic and epigraphic reco(Bsazdil et al., 2005;
Brazdil et al., 2010; Brazdil et al., 2018; Pfister, 2018; Rohr g2@l.8) Three main categories of informatiappeain
thesesourceshatcanbe usedndependently or in combinatidor climate reconstructiar(i) early instrumental
meteorologicatiatg (ii) records of recurring physical and biologigabcessege.g.dates of plant flowering, grape ripening,
the freezing of lakes and rivérand(iii) narrativedescriptiors of shortterm atmospheric processes and their impacts on

environments and societi@®rénnimann et al., 2018)

The heterogeneitypf the archives of sociesi in time, space and in the types of information inclutheicidividual sources

1 raisesconceptuabnd methodological challenges for climate reconstruckidstorical meteorological data can be quality
checked and analyseding standard climatological methods, while records of recurrent physical and biological phenomena
provide proxy information that may lassessedsinga variety ofpalaeoclimatological approachg@$. Bronnimann et al.,

2018) Narrativedescriptionshoweverrequiredifferent treatment to make locabservation®f weather and its impacts

compatible with the statistical requirements of climatological research.

A common approachsedin historical climatologyfor the analysis oflescripive (or narrative)evidence is the generation of
ordinatscale indices aslaridgebetween raw weather descriptions and climate reconstruciaimpleindex might, for

example, employ athrggoi nt c¢cl assi fication, wi {Ohnommal)ahdH gwarmloravets e d as
depending upon the prevailing conditions described within historical sourc@distes et al. (2018)ote, hisfii nd e x 0
approaclpr ovi des a means of converting A daguanmtativegptoxy dataobatu ment a
without losing the ability to get back totheshbre r m | ocal i nfor mati on f (p.116)Brazdit i c a |

et al. (2010)provide a detailed account of the issues associated with the generation of indices.

The index approacto historical climate reconstructimver much of the worldl an exception being Chiriahasits rootsin
European scholarshipThere is, however, considerabiriability in the types of phenomena reconstructed using an index
approachin differentareas There is als@ariability in practice, both in the wakhathistoricalevidence is treatetth generate
indicesand in the number ajrdinal categories in individual irek seriesVariability in the treatment of evidence argsen
part, fromthe extent to which analytical approaches have developed indepenttetelyns of categorisatiothree, five-

and sevespoint index series amaostwidely usedbut greategranularity(i.e. a greatenunber of index class¢snaybe
achievedn different regions and for different climate phenomdapending upon thguantity,resolutionand/or richnesef

the original historical evidence.
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This study arises from the work of the PAGES (Past Global Cha@§d#&)S Working Group, a cooperative of climate
historians and historical climatologists researching Climate Reconstructions and Impacts from the Archives of Societies. The
first meeting of the Working Group in Bern, Switzerland, in September 2018 iddritiBeneed to understand variability

andi ideallyi harmonisepractice in the use of indices to maximise tiiéity of historical climate reconstructions for

climate change investigations. This study, written by regional experts in historical climatology with contributions from othe

CRIAS members, is intended to address this need.

Themainaims of this paperareto: (i) provide a global statef-the-art review of thalevelopment andseof the index

approachas applied talescriptive evidencin historical climate reconstructipand (i) identify best practice for future
investigationslt does so through a continelmy-continentoveview of practice, followed by eeview ofthe use of indices in

the reconstruction of climate variability over the oceans. Studies from northern polar regions are reviewed within sections 5
(the Americas) and 7 (the Oceara3 appropriateTo the knowledge of the authors, no studies of the climate history of

Antarctica use an index approach.

Threecaveats are necessary to frame the coverage ofifew. Firstthe nature of documentary sources is well discussed
in theclimate history literature famostparts of the world. As such, we provide only limited commentary on sofmces
each continentexcepffor selected regionghese include Chinayhereonly a fewoverviews of documentary sourdesve
been publishe@e.g. Wang, 1979; Wang and Zhang, 1988; Zhang and Crowley, 1989; Ge et al. apd18pan and Russia
where,to our knowledgeno detaileddescriptions are availabfer Anglophone audienceSecondthere arénstancesn the
literature where quantifiable datadocumentarngourcege.g. sedce coverphenologcal phenomenaind even
instrumentameteorologicatlataare converted to indices for climate reconstruction purpd$es.occurgnainly in studies
where such datare integrated with narrativevidenceo generatéonger, more continuous and homogenous series with a
consistenfmonthly or seasonatkesolution We do not describe the generation of sinctex series in detailbut do provide
examples in sections 2 tq @s appropriaterhird, the emphasis of tharticleis on the documentation of studibsit have
used an indeapproach to climate reconstructjavith critical reviewand comparisowhere appropriatelhe numbenof
instances where comparative analysis is possible is necessarily restricted by the limited number of studies that have
undertaken either different approaches to index development for the same locatemticalapproacksfor different

regions.

2. Climate indices in Europe
2.1 Origins of documentary-basedindices in Europe

The use otlimate indiceshasa long traditiorin Europe with the earliest studigsublished duringhe 192@ CE. As in any

area, the start date for meaningful indesed reconstructions is determined by the availability of source madterial.

Central, Western and Mediterranean Europe, for exarsple¢escontaining narrative evidenege sufficiently dense from

the 15thcenturyCE onwards to enable seasonal index reconstruction for more than half of all covered years. Exceptionally,
indices can be generated from the 12th century onwards, bugredkst confidence from the 14th century when serial

sources join thavailabe historiographic informatiofWozniak, 2020) The numberof index-based climate mngructions

for Europeis large as suchthis section of the reviefocusses mainly upostudiestha includeoriginal publishedseries

based omrimarysourcesandthat reconstruct meteorological entities. This excludes climate limgdahd other studiethat

synthesise or reanalypeeviouslypublishedhistoricalindex series

Due to the dominance of references to winter conditions in European doewmynemircs, early investigationsentred
primarily on winter severityfPfister et al., 2018)Thefirst use of the index approach was by the Dutch journalist, astronomer
and later climatologis€ornelisEaston whopublished his oeuvre dmstorical Europeawinter severityin 1928(Easton,

4



99  1928) Inthis monographEastonpresentédearly instrumental dataut also a catalogue descriptions ointer conditions
100  dating back to the'8century BCEderivedfrom narrativeevidence For the period prior to 1205E, this catalogudists only
101 remarkable winter seasqgrisowever after this datevery winter up to 1916 is attributed tées-point classification,

102  including a quantifiable coefficient and a descriptive categbra. s t adassication appeaiss @ adaptedjraphin the
103  second edition o€harles E. PBrooks(1949)book onClimateThrough theAges(Pfister et al., 2018)

104  Anisolated attempt to quantify the evaluation of weather digsiganningl1821780CE) was proposetly the German

105  meteorologist Fritz Klemni1970) with a two-point scale for winter and summtemperature (colthild andmild/warm

106  respectively and precipitation (dry/wet)lhe Dutch meteorologi$tolkert IJnsen also developed winter severity indices for
107 the Netherlandé12001916CE) but following a slightly different approadhJnsen and Schmid1974) However, one of

108  the most important advances came in the late 1970s Bi#itesh climatologistHubert Horace Lamb publish¢ldreepoint

109  indicesof winter severity and summer wetness for Western Eufbh@0-1969CE) in his seminal booKlimate: Past,

110  Present and Futur@_amb, 1977)Lamb& methodologywasmore easilyapplicablecomparedo E a s t ioarilélg reason
111 why successive studigse f e r  t neethddandnvh$ is the aftermath of his publicatipthe index aproach was applied

112 in manydifferent European regions.

113 In 1984, the SwisdhistorianChristian Pfister published higst temperature and precipitatiamdicesfor Switzerlandn the

114  volumeDas Klima der Schweiz von 152860 expanding hisclimate indices to cover all months and seasons of the year
115  (Pfister, 1984)Pf i st eadaptved kL a mexéh o i megt K @dpdindssaletinto menghly sevgroint

116 ordinatscale temperature and precipitation indil€igure1). Shortly afterPfi s t imitial&tsidy, Pierre Alexandré1987)

117  developedchcomprehensive overvieof the climate of the European Middle Agd9001425 CE) also using indice©ver
118  a decade lateKan Engelen et al. (200publisheda nine-point indexbasedemperatureeconstructiorfor the Netherlands
119  and Belgium(764-1998CE). Most research groups investigating European climate histmgiuding those led by Rudiger
120  Glaser (Freiburg, Germany) and Rudolf Brazdil (Brno, Czech Replibtic) w a d o pstappm@dch as the stafdard

121 method for index development, at least for temperature and precipitation reconstructions. This is described in more detail in
122 section 8 as part of a global overview of approaches to index constridimopportunityto combine narrativevidence

123 with quantifiable information is one of the great advantages of the-aperoachPfister et al., 2018As a resultmany

124  index-based serie®r Europe incorporate songgiantitative data. Manseriesalso contairdatagaps the earlier the epoch,

125  the mordikely there argo be breaki series this iscommon taalmost allindexbased series globally
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127 Figure 1: Monthly severpoint temperature indices for the Swiss Plateau (268D), reconstructed using tR&ster index

128  approach(data from Pfister, 1998Yero values for specific months are indicated by a sgnaénbar.

129 One area of Europeith a differentresearcthiraditionis Russigd J us upovi | a.Mdre, Baeartebt clim&® 2 0)
130  history esearclwas by K.S. Veselovsk{jL857) who compared historical information from various source types against
131 early 19th centurgtatisticalclimate datgfor more details of Veselovskiy's work, see Zhogova, 20d3). Bogolepoviater
132  analysectlimaterelatedinformationin published Cyrillic and Latin sourcé®m the 10th century onwar@Bogolepov,

133 1907, 1908, 1911therstudieshave focused on accounts of anomalous weather in Russian s@ugcdorisenkov and

134  Paseckij, 1983, 198&)ndon reconstructig historicalclimate(Burchinskij, 1957; Liakhov, 1984; Borisenkov, 1988;

135  Klimanov et al., 1995; Klimenko et al., 2001; Slepcov and Klimenko, 2005; Klimenko and Solomina, rR@&rGows

136  (Oppokov, 1933and famine year@eontovich, 1892Bozherianov, 1907)

137  The most important collection of Russidocumentansources ishe 43volumel sdzdetsj] uwtsBtcOdedd t EMM< d -
138 (6Complete Collection of Russian Chroni cl| €lbefechronaidlebr evi at
139  documenkventsncludinginfestatiors of insects, droughts, wet summers, wet autumangsualfrostevents famine, floods,

140  stormsandearthquakesTherecordshave been used, in conjunction with other European sourc@&arisenkov and

141  Pasekij (1988)to reconstruca qualitativeRussia climatehistoryfor the last 1000 year®dore recenteconstructions have

142 extended beyondistorical sourcet include a variety of other climate proxi@sg. Klimenko and Solomina, 2010)he

143 developmentf indexbased series fromarrativeevidencenasyet to be attemptedlthoughreconstruction of specific

144  meteorological extremecludingwet/dry/warm/cold seasorsdfloods plusrelated socieeconomic eventsuch as

145  famines have beempublishedby Shahgedanova (200@)ased on Borisenkov and Paseckij, 1983)
146 2.2 Temperature indices

147  Temperature is the most common meteorological phenonmemapsedising an index approach owesrthernand central
148  Europe.Authors whohavedevelopedemperaturéndex series includ€hristian Pfiste(1984, 1992, 1999Pierre

149  Alexandre(1987) Rudolf Brazdil(e.g. Brazdil and Kotyza, 1995, 2000; Brazdil et al., 2013a; spanning periods from 1000
150 1830 CE) Rudiger Glasefe.g. Glaser et al.,9D9; Glaser, 2001; Glaser and Riemann, 2009; ‘X000 CE) Astrid Ogilvie
151  andGrahamFarmer(1997; 12001439 CE) Gabriela SchwarZanetti(1998; 10001524 CE) Lajos Rac41999; 16th

152 century onwardsthe Dutch working group arour&tyan van EngelefVan Engelen et al., 2001; Shabalova and van

153  Engelen, 2003Maria-JodoAlcoforado et al(2000; 16751715 CE) ElenaXoplaki et al. (2001; 1673715 and 1780830
154  CE), Anita Bokwa et al(2001; 16th and 17th centurieBetrDobrovolny ¢ al. (2009) Dario Camuffo et al(2010; 1500

155 2000 CE)Maria Fernande#ernandezt al.(2014; 2017; 1750840 CE) Laurent Litzenburgef2015; 14001530 CE)and
156  ChantalCamenisch (2015a; 2015b; 15th centulyf)e basis of these reconstructiammainly narrativeevidence from

157  multiple sourcesor in the case dBrazdil and Kotyza (1995, 2000) aR@rnandeZernandez et al. (20143 single narrative
158  source However, @pending on the epoclyidence may bsupplemented binformation fromearly weather diaries,

159  administrativerecordsandlegislative sources he majorityof these studiege.g. Pfister, 1984, 1992; Brazdil and Kotyza,
160  1995; Glaser et al., 1999; Pfisté899; Racz, 1999; Brazdil and Kotyza, 2000; Glaser, 2001; Van Engelen et al., 2001;
161  Shabalova and van Engelen, 2003; Dobrovolny et al., 2009; Glaser and Riemann, 2009; Camuffo et iaic]/ &4 @n

162  overlap with available instrumental data.

163  In Europe, different types of index scales have been used. As noted above, (PfiistiEar{1984)developed a sevepmoint
164  scale with a monthly resolution for temperature and precipitagian, for temperature3: extremely cold;2: very cold,-1:
165  cold, 0: normal, 1: warm, 2: very warm, 3: extremely warm). Most historical climatologists follow this approach, though in
166  some cases less granulated versions have had to be applied due to limited source density or quality. F@lasstance,
167  (2013)followed Pf i st er 6s i nde x i ngpintagale foracha pehiod bOA®BO0 as snfordnatian oh Wweatieee
6
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appear only occasionally in documentary sources from this BetevarzZanetti (1998)Litzenburger (2015and
Camenisch (2015djave also appliseverpoint indices for the late Middle Ages, the latter two series at a seasonal

resolution (Figure 2).

Temperature indices

. Metz

Low Countries

I‘ !
-2

Figure 2: Comparison of sevepointwintertemperature indices for Metz (Litzenburger, 2015) and the Low Countries

4 [l I\
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(Belgium, Luxembourg and The Merlands; Camenisch, 2015a} the period 142500, reconstructed using the Pfister
index approachZero values for specific years are indicated by a small bar.

In addition to these studiglour other approaches exist for Euroi@l J nsends t e (hnsemand Schmédt, i n d e x
1974)consists of a ninpointscale, which waalsoadopted bywan Engelen et al. (200{i) Alexandre (1987useda five-
pointscale seasonal indewjth categoriegrom -2 (very warm) to + 2 (very coldgndO being attributed to nedocumented
seasong(iii) FernandeZernandez et al. (2014; 201iKed a thre@ointscale: ¢1: warmer than usugd: normal -1:

colder than usual) an@) DominguezCastro et al. (2015 five-point index (+2very hot, +1: hot, 0: normal -1: cold; -2:

very cold) As noted in section 2.Klemm (1970)proposed a twgointindex (warm/cold¥or winter conditions
2.3. Precipitation indices

Many of the authors mentioned section 2.2havealso publishegrecipitation indicesThese reconstructiorseusually
basel on the same soureraterialsas the temperature indicémn exception being Dobrovolny et al., 2019pwever, for
certain regionsvery specific source typexistthatare more favourable f@recipitationreconstructionshan temperature
see, for example, the precipitatiseriesfor the Mediterranearbased on the analysis wfbanannalsyeligiouschronicles
and books of church and citychives(e.g. Rodrigo et al., 1994; Rodrigoadt, 1998; Rodrigo et al., 1999; Rodrigo and
Barriendos, 2008; Fernandéernandez et al., 2014; Domingu@astro et al., 2015; Fernandegrnandez et al., 2015)

These seriespan various periods the 16th to 20th centus@nd in some case®verlap wth instrumental data

Often the same scale is applied fothtemperatur@ndprecipitation indiceshowever,in certain regiongprecipitation
indicesmay show more gaps than their temperature counterpart®ta may be seasonal or more sporatie sudies by
Van Engelen et al. (2001Alexandre (1987)Ferndnde#ernandez et a{2014; 2017pndDominguezCastro et al. (2015)
areexceptiors, in thateachadopted alifferent ormore rudimentary scale for precipitation compared to teewperature
reconstructionsvan Engelen et al. (200bptedfor afive-point scaleor precipitation compared torane-pointscale for
temperature, andlexandre (1987 threepointrather tharfive-pointindex.A | e x a 111887)précipitationindex is also

relatively simple andseparatesvents by their nature (Snow 2: Rain; 3: Dry conditions)rather tharntensity.Fernandez
7
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Fernandez et a{2014; 2017used a twepoint scalg0: total absence of rajrl: occurrence of rairlindDominguezCastro

et al. (2015)r fourpoint scale.

Index series based on historical recordsebifjiousrogation ceremoniesarrant separate discussidogations ardturgical
actsconductedo requestitherrainfall during a droughttérmedpro-pluviarogations)or an end to excessive or persistent
precipitation(pro-serenitaterogations) andwereused asn institutional mechanism to address social stress in response to
suchmeteorological extremdsee MartirVide andBarriendos, 1995; Barriendos, 2005; Tejedor et al., 2048lysesof

the occurrence anghtureof rogation ceremarshave proverparticularlyvaluablefor westernMediterranean regionsnost
notablythe Iberian Peninsula)where they have been usiedaeate precipitation indesspanning the 16th to 19th centuries
(e.g. Alvarez Vazquez, 1986; Martifide and Vallvé, 1995; Barriendos, 1997, 2010;Gilirado et al., 2019)n some

cases, information about rogatioaremonie$ias beewombined withclimaterelated narrative evidence generate
precipitation seriege.g. Fragoso et al., 2018)seful evaluations dfifferent indexing methods are provided Dgminguez
Castro et al. (2008ndGil-Guirado et al. (2016)or a discussionfahe use ofogationceremoniesas a proxy for drought

see section 2.5, and for examples of rogatiased reconstructions Mexico andSouth America segection 5
2.4. Flood indices

Flood event$ theresultof shortperiods of heavyprecipitationand/or prolonged rainfail can alsde classifiedising

indices The basis oEuropean floodndicesincludedescriptive accountgadministrativaecordssuchav r i dge mast er
accountge.g. those in Wels, Austria, which span the peridsDi3600 CE; Rohr, 2006, 2007, 2018B)storicflood marks

and river profilegWetter et al., 2011; spanning 12fBsent and overlapping with instrumental ddtasome regions, the
availability and characteristics of sourgeayvary,and certain source typenay bemore important for flood reconstruction

than otters This is for instancethe casein Hungary wherecharterslay aparticularlyimportantrole in flood

reconstructior{Kiss, 2019; for the period 10a1500 CE)

The scales used for flood reconstructibffier slightly from those used for the reconstruction of temperature and
precipitation.Drawing onBrazdil et al. (1999; which spans the 16th centwsgholarsmainly from Central Europée.qg.
Sturm et al., 2001 [for the period 1500 -PEesent]; Glaser and Stangl, 2003; 2004 [1006p&Esent]; Kiss, 2019nd
France(Litzenburger, 2015haveappliedathreepoint scale In contrastPfister (1999)Wetter et al. (2011andSalvisberg
(2017; 15562000 CE)used a fivepoint scalefor floods of the River Rhine in Basghdthe River Girbén thevicinity of
Bern The French historian Emmanuel Garra&yo developed a fivpoint scale to reconstruct flatime-series from 1500
to 1850CE, taking into consideratiotihe spatial extent and economic consequences of each (@&amtier, 2009, 20157
novel featureof the Garnier index is that it includeslavaluefor eventswhereintensity cannot be estimated through
documentary sourceRohr (2006, 2007, 2013)hose a foupointscale for his flood reconstruction of the river Traun in
Wels (Austria) In many cass, the index values express @émountof flood damagend/or the duratioof flooding in
combination with theyeographical exter{e.g. Pfister and Hachler, 1991 [covering the period 1BI8D CE]; Salvisberg,
2017; Kiss, 2019)Comprehensiveverviews of flood reconstructionincluding the inéx method aregivenin Glaser et al.
(2010) Brazdil et al. (2012and recent work by the PAGES Floods Working Group synthesiséfilhielm et al. (2018)

2.5. Drought indices

Drought eventsre closely linked to precipitatiorariability. As a result, many analyses of historiEairopeardroughtsuse
indicesadaptedrom precipitation reconstructionBvidenceof pastdroughs can be found in administrative sources, diaries
newspapes, religious sources and epigraphic evide(sse Brazdil et al., 2005; Brazdil et al., 2018; Erfurt and Glaser, 2019
[which spans the period 1800 Giesent]) Different approaches exist in historical climatoldgyexpress the severity of
droughts in indexorm. Brazdil and collaboratorR013b)proposedhthreepointscale(-1: dry; -2: very dry -3: extremely

dry) adapted from the precipitation indicdsscribed in section 2.Bry periods appear only in the drought index if they last

8



237  for at leastwo successivenonths.A similar approachs usedby Pfister et al. (2006 Camenisch and Salvisberg (2020;
238 covering 13151715 CE)andBauch et al. (2020; 1260400 CE) However,Garrier (2018)applies a fivepoint scale with an

239  additional sixth category for known drougyears with insufficient evidence for a more precise classification.

240  Drought indices have also beerrigded for the Western Mediterraneaisingrecords ofogation ceremoniesvith specific
241  methodologieslevelopedo estimate the lengtlseverity and continuity of drougbpisods (see Domingueg£astro et al.,
242  2008) A number of studies haussed evidence gdro-pluvia ceremonies (see section 2.3) av@ught proxy(Piervitali and
243  Colacino, 2001; DomingueZastro et al., 2008; Domingu€astro et al., 2010; Garnier, 2010; Doming@eestro et al.,
244  2012b; Tejedor et al., 201,%0metimes in combination with otheaurrative evidencée.g. Fragoso et al., 2018; &iluirado

245  etal., 2019)Readers are referred Brvazdil et al. (2018jor a detailed discussion of tliiferenttypesof drought indices
246 2.6. Other indices

247  In Europe, the index method has ordyely been applied in contexts other thantémnperature, precipitation, flood and

248  droughtreconstructionPichard and Roucaute (200®velopedfor example an index for snowfall in the French

249  Mediterranean regiosince 1715CE, including ordinal categriesescalating from 1 to 3 depending v eventduration

250  and quantity of snow falleThis studyis based oninformation from daries and other urbashocumentangsourcesMarie-

251 LuiseHeckmann(2008, 2015)coming from the field of historicaleismologyandseemingly unconnected to discussions in
252 historical climatologydevelopeda combined temperature/precipitation indeat differentiatesvinters and summers by

253  weather description and phenological phenoméria index waspplied to documeary data from latenedieval Prussia

254  and Livonia(1200-1500 CE) Pro-pluviarogation ceremonidsave beemnalysed as a proxy ftimewinter North Atlantic

255  Oscillationbetween 1824 and 1931 Qitthe Extremedura regiasf Spain(Bravo-Paredes et al., 2020)

256  Sea ice reconstructions for the seas around Iceland have been developed by Astrid Ogilvie, the pioneer of Icelandic climate
257  history(Ogilvie, 1984, 1992; Ogilvie and Jonsson, 2008he developed a monthly resolution-s@aindex based on

258 historical obserations in 37 sectors of the sea around Ice(@ugllvie, 1996) including sightingsofseece i n shi ps®6
259 | ogbooks, whalers6 and sealersd6 charts, diaries, letter

260 (theoretically) 37, with data@ighed by source reliability. REIO0CE records report single observations of icebergs and

261  varying concepts of sdae have to be taken into consideration. The record is presentedyemagummarised value for the

262  period 16001784 CE, with monthly andannual values given from 1785 to present.
263

264 3. Climate indices in Asia

265 3.1 Origins of documentary-based indices in Asia

266  The use otheindex approacln Asia is limited toresearch irChina andndia. With the exception of Japahistorical

267  climatologyresearchs eitherin its infancy or completely abserh other parts of the contine@hdamson and Nash, 2018)

268  Very little work to reconstruct climate from documentary sources has occurred in southeast Asia, for exampletsattd effor
269 utilise recorddrom theByzantine EmpiréTelelis, 2008; Haldon et al., 201dhdMuslim world (e.g. Vogt et al., 2011;

270  DominguezCastro et al., 2012a&@xe only recently emergingn Korea, onlyKong and Watts (1992)avedeveloped

271 anything resemblinglimate indicescategorigg individual years as warm/cold or dry/humid using inforiorafrom diaries

272 and histories.

273 Climate reconstruction work in China has developed largely independently from European historical climatology traditions.
274  The Central Meteorological Bureau of Chimaspublished several fundamental works on Chinese wet/dry series. In 1981, a
275  milestone wok showed 120 cities with a fiveoint wet/dry series for the whole of China spanning the pddd® to 1979

276  CE(Central Meteorological Bureau of China, 1984pwadaysmost reconstruction@ncluding coldness, drought, frost,
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hal and othersarebasedon the Compendium of Chinese Meteorological Records of the Last 3,000tk by Zhang
Decer (2004) This compendiunprovidesdetails of a wide range of historiaaleteorological phenomerfiom across China
at a daily levelHowever, due t@nimbalarcein population distribution, records are more abundant for eaftermwestern
China(Ge et al., 2013)n India, the only study to use an index approgaamson and Nash, 2014jps developed from
Nash and En ddouthednAdribagseensectiokd); theme were, howeveseveraldifferencesn approachnotably

theinclusionof calibration tables.

One country where the field of historical climatology is relatively sdeNeloped is Japan. Japan has weather data recorded

in documents dating back &t least 55E (Ingram et al., 1981)and diariesn particularhave been utilised to reconstruct

climate conditong e . g. Mi kami, 2008; Zai ki et alAcgess®ddcimentaryddia n o

on past weather phenomena is provided by detailed collections that evaluate historica sbzugeshi, 20042014;
Fujiki, 2007) However, Japanese historical climatology has no tradition of using indices, instead tendmgnformnation
in documentary sources to reconstruct unitsefeorologicameasurement such as temperature and precipititiectly.
For exampleMikami (2008)correlated mean monthly summer temperature with number of rainMeygsgoshi (1993)and
Hirano and Mikami (2008)sed historical records to provide detailed reconstructions of weather patemuisoshi (1993)

divided rainy seasons intbreet y p e s : Ahedivy ghadi andiignlpetayrperdtai ny season

not indicesper seln a similar way) t @ (digtibglighpd precipitation in categormschasiper si sting r ai

d o wn p, depending on seven keywords for each cateddeyused a similar approach to defindicators for cold spells,

usingkeywordssuchagic o,idd @ ost 6, and Aput on cotton [clothes]o.
applied byTagami (2015)There has also been much effort to reconstruct climate from cliegendenphenomena such

as cherry blossom or lake freezing dqteg. Aono and Kazui, 2008; Mikami, 2008; Aono and Saito, 2010)

3.2 Types of documentary evidace used to create index series

Historical climate index development in Indiasused a similarange of sources to those noted above for Euirope
specifically newspapers and private diagpanninghe periodl781 to 186(CE, supplemented by government records,
missionary materials and some repgAdamson and Nash, 2014he sources used for tdevelopment of climate indices

in Ching however, argery different andrequirefurther explanation.

The earliest known written weather recom€hing inscribed oto oracle bones, brongandwooden scriptsdate to the
Shang dynasty (~1600 BCEJJhes recordsvereintendedfor weather forecastg, butlater included actual weather
observationgWang and Zhang, 198&mperors of succeeding dynast@smpiledmore systematicecordsto allow them
to better understand the weathirecastharvess andhencemaintain social stabilityTan et al., 2014)Some scholars use
an old Chinese concept dfen (or Tian, meaning Heaven) to explain the traditidienwas viewed as a mediunsed by
gods and divinities to forward messagsdatural hazardée.g.droughs and flood) wereregarded as displayinfjend s
displeasure with the emperor and his ¢@umd were often followed hyprisings and rebellion®erry, 2001; Pei and Forét,
2018) To help them understand tiheng-term pattern ofsuch hazardsmperial governmentappoinedspecialists such as
Taishi(imperial historians) oQintian Jian(imperial astronomers) to record unusaati/or extremeveather eventd ater,
relatedenvironmental and socioeconomic evestgh asarly or hteblossoming, agricultural conditions, famine, plagues
andlocust outbreakswvere also recorde@dee Wang et al., 2018, for further detai®)is long traditionof chroniclinghas
resulted inanexceptionatange ofmaterialsfor understanding and reconstructing past climates.worth noting, however
thati due to a desire in imperial China to generalise defidasisen, 1985) phenomena were often only recorded as

narrative descriptions with magnitude categorised as largéium, or small.

The earliest official chronicle wadan Shu/érhe Book of Had) written by Ban GU32-92 CE). However, many earlier

historical books incorporate climate observations, inclu@hgli(Records of the Grand Historigrby Sima Qian (1486
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BCE) andChun Qiu(&Spring and Autumn Annafscompiled by Confucius (55479 BCE) for the history of thieu
Kingdom (722 481 BCE)(Wang and Zhang, 1988}lassic literature calleding Shi Zi Jwascompiled inSi Ku Quan Shu
(&Complete Library in Four Branches of Literat@r@ublished in 1787 (fultext digital versiongsreaccessible at websites

including Scripta Sinicahttp://hanchi.ihp.sinica.edu.tw/ihp/hanji.htinThe Shi(meaninghistoryd branch contains, big

not limited to,the Twenty-Four Historie§(later expanded térwenty-Five Historie®by addingQing Shi Gagthe Draft
History of Qind), other historical books, documents of the central administrdbcal gazetteand private diariefGe et
al., 2018)

While providing consistency in recandy practicesthe spatial coverage official historical books was often limited to
national capitals ootherimportant locationsHowever, he writing ofFang Zhii local chroniclesor gazettespopular in the
Ming (13681643 CE) and especially Qing (164911 CE) dynastieis substantivelyexpanded the availability of
documentary sources. Local gazettes contain unusual weatitslimaterelated statementike those in the official
chronicles but incorporatedditionaldetails at provincial, prefectural, county or township levels depgneh thdocal
administrative unitFor more information, se@e et al. (2018and a database of local gazettes at

http://lcd.ccnu.edu.cn/#/index

In the 1980s.the Central Meteorological Bureau of China initiated a massive projetihémompilation of weatherand
climaterelated records. The work resulted in the most influential publicatioantemporarnChineseclimate literature

The Compendium of Chinese Metelogical Records of the Last 3,000 Years i t ed by (2004pthisgontiesd e r
more than 150,000 records quoted from 7,930 historical documents, mostly local gazettes. Teertiexeniilabilityof

the compendiumang et al. (2018)ave digitised the records intthe REACHES databas@igure 3) The quantity of
recordspeaksn the last six hundred yeamuringthe Ming and Qing dynastieS his is dudo a large number of local
gazettes spread across the courtiowever, onlya fewareavailable for thelibetan Plateau and andesern regionsThe
Institute of Geographic Sciences and Natural Resources Re¢€ainbse Academy of Sciengdms alsaollated

phenological records from historical documefatsu and Wang, 1973; Ge et &003)

Two sourceof documentargvidenceare of particular importance for historical climate reconstruction in China. Daily
observations of sky conditions, wind directions, precipitation types and dusaéoecorded iQing YuLw 6 Cl ear and
R e ¢ o (Wasgdahd Zhang, 1988)he records, however, are descriptive and only available for selected areas; these
include Beijing (17241903 with six missing years), Nanjing (172398), Suzhou (1736806), and Hangzhou (172373).
YuXueFenCurf 6 Dept h of Rai n thamedsur8cdepthdi)rrainfakipfibratianeéntb the soil or depth of
snow accumulation above ground in the Chinese fit&-3.2mm) andcun(~3.2cm). From 1693 to the end of the Qing
dynasty in 1911, thesmeasurements were taken in eighteen provinces; however, many records include imprecise
measurements and/or da{€e et al., 2005; Ge et al., 201Despite their descriptive and sequiantitative nature, the two
documentary sources are valuable for nstaucting past climate, especially for summer precipitaii@ong et al., 1983;
Zhang and Liu, 1987; Zhang and Wang, 1989; Ge et al., 20fdlineiyu(or 'plum rains', marking the beginning of the rainy
season; see Wang and Zhang, 190 Djfferent cities depending on the record length as described abtvy are also

useful for cross checking and/or validating climate indices derived from other documentary sources.
3.3. Temperature indices

The availability of documentary temperature indices for Asiastricted to Chinazhu (1973)was the first Chinese scholar
to use historical weather records and phenological evidence to identify temperature variability over the last 5,000 years
(~3000 BCE to 1955 CEHe consulted a range of data sources for leisnmgtruction, including the dates of lake/river

freezing/thawing, the start/end dates of snow and frost seasons, arrival dates of migrating birds, the distribution of plants
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such as bamboo, lychead oranggethe blossoming dates of cherry trees and hareesrds. However, the study did not

clearly indicate his methodology.

Winter temperature anomalies were initially regarded as key indicators of temperature changes(th@htand Gong,

1979; Zhang, 1980; Gong et al., 1983; Wang and Wang, 1990a;a8deChen, 1993; Ge et al., 20083 (i) there were

more temperatureclated descriptions in winter than in other seasons and (ii) winter temperatures have higher regional
uniformity than summer temperaturf@ang and Zhang, 1992owever, this uniformitynainly reflects changes in the

Siberian High system, so reconstructions of summer (and other season) temperature and precipitation anomalies to reflect
other aspects of monsoon circulation soon received increasing attssigior example, Zhang and Liu, 1987; Wang and
Wang, 1990b; Yi et al., 2012)
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Figure 3: Numbersof historicaldocumentary records in the REACHES datallas€hina (a) Spatial distribution of
records at 1,692 geographical sites across China.efinp®ralevolution of the recordis the database from 1 to 1911 CE

(brown series); inset (blue series) shows the same data for 1 to 1350 CE but with an expanded vertical axis.
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372 Z h u(®933)pioneeing work hashad agreat influene upn the development of historical climatology in ChiSaccessive
373  studies used similar approach to reconstruct winter temperature indices for every decadihe 1470sto 1970s by

374  countingthefrequency of years with coler warmrelated recordéZharg and Gong, 1979; Zhang, 1980; Shen and Chen,
375  1993; Zheng and Zheng, 1993hang (1980pdopted binarycoldwarm) categories and further developed an equation to
376  derive decadal temperature indi¢esthe period 147970 CE(see Setion 8.2); this apprach was applied in several

377 studiegGong et al., 1983; Wang and Wang, 1990b; Zheng and Zheng, 1993; Man, 1995)

378  The formal development @nordinalscale temperature index was first introduced\fgng and Wang (1990jho used a

379  four-point scale to build decadal winter cold indsxiesfor the period 147979CE in eastern Chin@: no or light snow

380  orno frost;1: heavy snow over several days heavy snow over month8: heavy snow and frozeground until the

381  following spring). This approach was widely appliedsmbsequenteriesin different regions, for different seascausdat

382  differing temporal resolution@Vang and Wang, 1990a; Wang and Wang, 1990b; Wang et al., 1998; Wang and Gong, 2000;
383  Tan and Liao, 2012; Tan and W20Q13) For exampleWang and Gong (200@)eveloped a fiftyyear resolution winter cold

384  indexfor eastern Chinapanning the perio800-2000CE. Tanand colleagueadapted the approach to reconstdextadal

385  temperature index serieg{(rather cold-1: cold; 0: normal 1: warm) in the Ming (13681643 CE; Tan and Liao, 201ajhd

386  Qing dynastie$16441911 CE; Tan and Wu, 201B) the Yangtze delta region.

387 3.4 Drought/flood and moisture indices

388  China has particularlyrich legacy of documentdescribing historical floods and droughasd usingsuch records to define
389  droughtflood series has a long traditiathu (1926)andYao (1943)presented the earliest drougtttod series foall of

390 eastern Ching206 BCE1911 CE) although heir temporal and spatial resolutions are vague to the higher number of
391  available records for the last several hundred years, reconstructions using frequency counts weria dveidseries

392 instead the ratio between flood and drought events e to build moisture indicgsee section 8.2 xamples obther

393  early studies includ¥ao (1982) Zhang and Zhang (197%heng et al. (1977andGong and Hameed (1991)

394  Beginning in the 1970she CentralMeteorological Administration initiated a projectreconstructistoricannual

395  precipitation.Thisadopted a fivgpoint ordinal scale (lvery wet 2: wet, 3: normal 4: dry; 5: very dry) to form drought

396 flood indices for 120 locations in Chispanninghe period 1471979CE (Academy of Meteorological Science of China

397  Central Meteorological Administration, 198The indices were compiled based on the evaluation of historical descriptions
398  (section 8.2)with the seriegaterextended to 2000 C&Zhangand Liu, 1993; Zhang et al., 2008Jostreconstructions in

399  Chinanow use this fivepoint index(Zheng et al., 2006; Tan and Wu, 2013; Tan et al., 2014; Ge et al., Edot&xample,

400 Zhang et al. (1997)sed the approach to establish six regional series of drflogltindices for eastern Chirfrom the

401 North China Plain téhe Lower Yangtze Plainspanning the periofi60-1992CE. Zheng et al. (2006)Jevelopedh dataset

402  covering 63 stationacross the Nrth China Plain and the middle and lower reaches of the YangtzeaRt#ieconstrugtda

403  droughtflood index seriespanning 137 BCE to 1469 CE

404  Adamson and Nash (2014)so adopted five-point indexserieswhen reconstructinghonsoon precipitation iwestern

405 India(Figured). Where data quality allowed, indices were derive
406  August and September/Octobar)d summed to produce an index valuesachentire monsoon seasdivhere nonthly-

407  level indices could not be constructeatlices pertaining to the whole monsoon were generated directly from narrative

408  evidenceThe five-point index was chosen to correspond with the terminology currently used by the Indian Meteorological

409  Departmenfor their seasonal forecasts (fradeficienbto Gexcesérainfall) and regular reports of rainfall conditions (a 4

410  point scale frontscantptoexces§ wi t h a fi fth cat egor yeachtfthese cordespandtbed by

411  percentage deations from a rainfall norm, this allowed the genierabf calibration tables withimninstrumentabverlap
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412  period, to assign descriptive terms to specificindex pomtgstt he t er m 6seasonable raindé to

413 shouldallow thesame methodology to be repeated elsewhelmdiia butlimits the methodology to the subcontinent.
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414

415  Figure 4: Five-point Western India Monsoon Rainfall reconstruction for 2¥860. The reconstruction is a combination of
416  separate series for Mumbai, Pune and the Gulf of Khambat (see inset). Monsoon index categories map broadly onto Indian
417  Meteorological DepartmerfIMD) descriptors of seasonal monsoon rainfdéta for reconstruction from Adamson and

418  Nash, 2014)Zero values are shown as small bars; years with insufficient data to generate an index value are left blank.

419 3.5. Other series

420  Several other studies hausedveather descriptions withilocumentary records to reconstruct past climate series in China.
421 These include reconstructed winter thunderstorm frequ@hieyng, 1980, spanning 250 BEIR00 CE) dust fall(Zhang,

422 1984, for the period 1860898 CE; Fei tal., 2009, for the past 1700 yeaas)d typhoon seridsa GuangdondLiu et al.,

423 2001, 10001909 CE)and coastal ChingChen et al., 2019,-0911 CE) Many scholars have also used informatio®ing

424  Yu LuandYu Xue Fen Cuto count and build winter snowfall days sefighou et al., 1994; Ge et al., 2008)hile Hao et

425  al.(2012)have further used the series to regress annual winter temperatures over the middle and lower reaches of the

426  Yangtze River since 1736.

427 Phenologyrelated phenomertaave also beewidely usedn Chinato indicate past climateariability (Liu et al., 2014)

428  Flower blossom daggn Hunanbetweenl888and1916(Fang et al., 2005 nd inthe Yangtze Plairfrom 1450to 1649(Liu,

429  2017)were usedo indicate temperature changded at e of t he fir st r echagatbebdensed ongod
430  to reconstruct precipitation change durthgrainy season in Hunan frothelate 19th to early 20th centu¢gn the principle

431  that cicada growtko adulthood requires sufficient humidity, and this coincides with the peak rainy season; Xiao et al.,

432 2008) In recent years, researchbave beemble to reconstruct various seriesludingtyphoons(Chen et al., 2019; Lin et

433  al., 2019)and droughtgLin et al., 2020from the compendium of Chinese recordsmpiledby Zhang (2004)

434  Usingdescriptions of agricultural outputs in theventyFour HistoriesandQing History Yin et al. (2015developed a grain
435  harvest yield index and used this to infer pamature variations from 210 BCE to 1910 CE. Details of outbreaks of Oriental
436 migratory locusts in these same histories have been usBdibgt al. (2011)o construct a 1919earlong locust index
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437 through which precipitation and temperature variatiarslze inferredThe History of Natural Disasters and Agriculture in
438  Each Dynasty of Chingublished by th€hinese Academy of Social Science (19883ludes details of disasters such as

439  famines to reconstruct indices of climate variability during theeirab era.
440

441 4. Climate indices in Africa

442 4.1 Origins of documentary-based indices in Africa

443  Compared to the wealth of documentary evidence available for Europe and China, there are relatively few collections of
444  written materials through which &xplore the historical climatology of Afrig@&lash and Hannaford, 2020}he bulk of
445  written evidence stems from the late 18th century onwards, with a proliferation of materials for the 19th century following

446  the expansion of Europeanissionary and otherolonial activity.

447 Most historical rainfall reconstructions for Africa use evidence from one or more source type. A small number of studies are
448  based exclusively upon early instrumental meteorological data. Of these(esgrnthe continenwvide analysidy

449  Nicholson et al., 2018ombine early rain gauge data with more systematically collected precipitation data from the 19th to
450  2lstcenturies, to produce quantitative time series. Others, sudhragford et al. (2015pr southeast Africa, use data

451 digitised from shipsd | ogbooks to gMostdimatetreeonsjructonst i t at i ve
452  however, make use of narrative accounts to develop relative rainfall chrondlagégs on ordinal indicesither for the

453  whole continent or for specific regions

454  While drawing upon European traditions and sharing many similar elements, methodologies for climate index development
455 in Africa have evolved largeliy isolationfrom approaches in Eurofgsee sedbn 8.3) The earliest work by Sharon

456 Nicholson, for example, was published around the same timeithrtLamb was developing his index approach

457  (Nicholson, 1978a, 1978b, 1979, 198d¢r early methodological papsion precipitation reconstructidiNicholson, 1979,

458 1981, 1996lse a qualitative approach to identify broadly wetter and drier periods in African histeeyenpointindex

459  (+3to-3) integrating narrative evidence with instrumental precipitation datantragluced inNicholson (2001 and

460  expanded iNicholson et al. (2012a@ndNicholson (2018)

461  The many regional studies in southern Africa owe their approach to the work of Coleglr{\Waxge!l, 1988, 1989)who

462 drew on Ni chol awecatedtheruse ofea fipointindel 1o tlassify rainfall levels in the Cape region of
463  South Africa(+2: very wet, severe floods; +1: wet, good rains; 0: seasonal fhirdty, months of noain reported:2: very
464  dry, severe droughtBubsequentgionalstudies, starting witkndfield and Nash (2002ndNash and Endfield (2002)

465  have adopted the same fipeint approach.
466 4.2 Precipitation indices

467  The main continentvide indexbasedseriesfor Africa originate fromresearch undertaken I8haron Nicholsoife.g.

468  Nicholson et al., 2012aJhis series uses a sevpaint scaleand has been used to explore both temp&igure5) and

469  spatial (Figureb) variations in historical rainfall across Africa during the 19th centOneregionalrainfall reconstructioiis
470  available for West AfricgNorrgard, 2015, spanning 178800 CE and using a sevpnint scale and one for Kenya

471 (Mutua and Runguma, 2020, speng 18451976 CE with a fivepoint scale) The greatest numbers of regional

472 reconstruction$ all using a fivepoint scalé areavailable for southern Africal hese mclude chronologiesoveringall or
473 part of thel9th centuryfor the Kalahar{Endfield and Nash, 2002; Nash and Endfield, 2002, 2808) esotho(Nash and
474 Grab, 2010)andi most recently Malawi (Nash et al., 2018ndNamibia(Grab and Zumthurm, 2018}everal

475  reconstructionare available foSouth Africg induding separat&9th centuryseries for the Western and Eastern Cape,
476  Namaqualand and presesdy KwaZuluNatal (Vogel, 1988, 1989; Kelso and Vogel, 2007; Nash et al., 20463t studies
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including the continentvide seriesreconstruct rainfall at an anal level, but, vaere information density permits, it has
been possible to construetinfall at seasonal scalés.g. Nash et al., 2018Regional studies from southern Africa have
recently been combined with instrumental data and other anmealtiyved proxies (including sea surface temperature data
derived from analyses of fossil coral) to produce two rpribixy reconstructions of rainfavariability (Neukom et al.,

2014a; Nash et al., 2016)

1840

1830

1820

Figure 5: Sevenpoint"wetness" indx seriegor 1801 to 1840 fothe 90 homogenous rainfall regions of Africa indicated
across the saxis This series iseconstructed using documentary and insiental data, with data gaps infilled using
substitution and statistical inferengse section 8.3 and Nicholson et al., 2012e)m left to right, the regions
approximately extend by latitude from the northern (regiorNbrthern Algeria/Tunisia) to sthern(region 84i western
Cape, South Africagxtremes of the continerinomalesin the numbeng sequene are regions 85, 86, 90 (afuatorial
Africa), 87 (eastern Africa) and 88, 89 (Horn of Africa).
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Figure 6: Rainfall anomaly patterns for 1835 and 1888 for the 90 homogenous rainfall regions of Africa delineated on the
maps(modified after Nicholson et al., 2012b)
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4.3 Temperature indices

To date, the only study exploring temperatuaeiationsin Africa using an index approach is an annuadigolved

chronology of cold season variabilgpanning 1833900CE for the high altitude kingdom dfesothoin southern Africa

(Grab and Nast2010) Thisuses a threeoint index for winter severity (normal/mild; severe; very severe) and identifies

more severe and snenich cold seasons during the eatly mid-19th century(18331854) compared with the latter half of

the 19thcentury(Figure7). A reduction in the duration of the frost season by over 20 days durid@theentury is also

identified.
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Figure 7: Threepointic ol d season severityo index for Lesot, hith

major volcanic eruptions indicated. Thecurrence of snowfall evenfisottom)during the same peridd also shown

(modified after Grab and Nash, 2010)

5. Climate indices in the Americas

5.1 Origins of documentary-based indices in the Americas

The use bthe indexapproach in climate reconstruction is variable across the Amegithsugh sufficient historical

records exist in some regiommrticularly thenorthreasterrinited States since the 18th centdey researchers have

and

generatectlimate indices for the USA or Canai&hite, 2018) Mexico, in contrast, has produced pioneering studies in

climate history, especially on extreme drougsee Prieto and Rojas, 2018; Prieto et al., 2009%outh America,

documentary evidends overd lower in quality and quantity compared to Europe, so more complex indices have been

replaced by simpler ones, which extend to the 1500s CE.

5.2 Temperature, precipitation and river-flow indices

The only indexbasedemperature and precipitatioeconsructions forthe USA and Canadare those produced by William

Baron and collaboratoralthough influenced by the work of Pfista8aron(1980, 1982used a distinct content analysis

weather diarie¢see section.8) to produce operendedseasonal indices of New England temperature and precipitation for

162031800 CE a period overlapping with the first local instrumental temperature geidgsh began in the 1740He later
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516  combined seasonal indices, early instrumental records and ppmablobservations to create annual temperature and

517  precipitationseriesand reconstruct frodtee periodgBaron et al., 1984; Baron, 1989, 1995)

518  There are a number of valuable compilations of extreme droirghexico (e.g. Florescano, 1969; Jauredifiy9;

519  Castorena et al., 1980; Endfield, 20@ngd research that hakentified climate trendscross the countfpr 14501977 CE

520 (Metcalfe, 1987; Garza Merodio, 2008arzaMerodio systensed the frequency and duration of climatic anomalies in the
521  Basin of Mexico for 1530869 CE.GarciaAcosta et al. (2003)eveloped an unprecedented catalogue of historic droughts
522  in central Mexico for 1450900 CE. Later work compared this information wattreering series and found a significant

523  correlation betweemajordroughts and ENSO yeanserthe same periofMendoza et al., 2005Mendoza et al. (2007)

524  constructed a similar series of droughts on the Yucatan Penfostitee 16thto 19th centurie. Garza Merodio (2017)

525  improved this index and extended it back in tifsee Hernandez and Garza Merodio, 20k8%ed on the frequency and

526  complexity ofrogationceremonieg16th to 20th centuriesYhis approach identified droughts in bishoprics anch®of

527  Mexico. Most recentlyDominguezCastro et al. (2013Jeveloped series for rainfall, temperature and other meteorological
528  phenomena for Mexico City using information recorded in the books of Felipe de Zufiiga and Ontiveros; these volumes

529  provide meteorological data with daily resolution for the twelve years spanning 1775 tGE786

530 In South Americathe most detailed available historigaformation is on the scarcity or abundance of wdter.

531 investigations into historical rainfall amiver flow rates, most studieonstructs-7 classes of dataith annual or seasonal

532  resolution For example, a number of flood serfes/e beerrompiled forrivers in ArgentingPrieto et al., 1999; Herrera et

533  al., 2011; Prieto and Rojas, 2012, 2015:Gilirado et al., 2016) see Figure 8In Bolivia, Gioda and Prieto (199@)nd

534  Gioda et al. (2000)leveloped a precipitation series for Potosi beginning in 1574nGiorthern ChileQrtlieb (1995)also

535  compiled a detailed precipitation series for the 1800sIICEolombia, Mora Pacheco has developed a drought series for the

536  Altiplano Cundiboyacensgpanning the period 177828 CE(Mora Pacheco, 2018finally, DominguezCastro et al.

537  (2018)presema precipitation instrumental series from Quito (1 2815CE) and a series of wet and dry extremes from

538  rogation ceremonies from 1600 1822 CE In contrast, temperature records are less reliable and generally begin with the

539  earliest instrumental datathe late 1800sCEPr i et o and Garc2a Her r e¢bubtheredar® 09 ; Pri

540  exceptionqe.g. Prieto, 1983, which covers the 17th and 18th centuliest temperatureelated indices use three classes.

541 Some of the worihdéxasedrhmologies onih@&l NificaSouthern Oscillatio(ENSO) derive from the

542  analysis oENSOrelated impacts recorded $outh American documentary eviden€ais area of research was pioneered

543 by William Quinn and colleagudQuinn et al., 1987; @nn and Neal, 1992) wi t h Qui nnrévisedandr onol og
544  improved byvarious authors using additional primary documentary solecgsOrtlieb, 1994; Ortlieb, 1995, 2000; Garcia

545  Herrera et al., 2008)
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Figure 8: Six-point index series of historical flow in the Bermejo River (northern Argentina) between 1600 and 2008 CE
based on documentary evidence. These arlaual data were used to create the decadale flood series iRrieto and

Rojas (2015)Zero valuesre indicated by shodrangebars.

5.3. Seaice and snowfall indices

Relatively few studies have developed indices of winter conditions for the Americas. Building on their content analysis
approach and that of Astrid Ogilvie in Iceland (see section €#iphpole and Faurer (1983)dCatchpole (1995produced
openended annual sdee indices for the western and eastern Hudson Bay, spanning the perietiBEE6CE. A different
type of threeclass index was developed for snowfall in the Andes at 33¥88Ea16001900 CE, based on the number of

months per year that the main mountain pass between Argentina and Chile wagRriesed1984)

6. Climate indices in Australia
6.1 Origins of documentary-based indices in Australia

Like Africa, Australia has a limited history of using documentary records for developing regional climate indices. Aside
from early compilations of 19th century colonial documents and newspaper rétmrdses, 1859; Russell, 1876y climate
almanacs published by tieistralian Bureau of Meteorologydunt, 1911, 1914, 1918; Watt, 1936; Warren, 1948y
attempts were made the 20th centuryo use historical sources to develop climate inditésse that were developed
focussed predomimdy on drought conditionésee, for example, Foley, 1957; McAfee, 1981; Nicholls, 19B8wever,
considerable effort has been giviarrecent yearso reconstructlimate variability in soutreastern Australiaince British
colonisation in 178&E using both historical documents and instrumental observagogsGergis et al., 2009; Fenby,
2012; Fenby and Gergis, 2013; Gergis and Ashcroft, 2013; Ashcroft et al., 2014a; Ashcroft et al., 2014b; Gergis et al., 2018;
Ashcroft et al., 2019; Gergis €t,&2020) There havalsobeen attempts to reconstruct ster@nd tropical cyclones along

the east coast of Australfa.g. Callaghan and Helman, 2008; Callaghan and Power, 2011, 2014; Power and Callaghan,
2016) although these are not indbased

Documentarybased indices for Australia have focussed on regional rainfall histwsiieglargely material from previously
published drought and/or rainfall compilatigffenby and Gergis, 2013)hese compilations contained a vast collection of
primary $urce material including newspaper reports, unpublished diaries and letters, almanacs, observatory reports, 19th

century Australian publications and official government reports. For example, the seminal 19th century sdaxaessof
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