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Abstract. Narrative evidence contained within historical documents and inscriptions provides an important record of climate 1 

variability for periods prior to the onset of systematic meteorological data collection. A common approach used by historical 2 

climatologists to convert such qualitative information into continuous quantitative proxy data is through the generation of 3 

ordinal-scale climate indices. There is, however, considerable variability in the types of phenomena reconstructed using an 4 

index approach and the practice of index development in different parts of the world. This review, written by members of the 5 

PAGES CRIAS Working Group ï a collective of climate historians and historical climatologists researching Climate 6 

Reconstructions and Impacts from the Archives of Societies ï provides the first global synthesis of the use of the index 7 

approach in climate reconstruction. We begin by summarising the range of studies that have used indices for climate 8 

reconstruction across six continents (Europe, Asia, Africa, the Americas, Australia) plus the worldôs oceans. We then outline 9 

the different methods by which indices are developed in each of these regions, including a discussion of the processes 10 

adopted to verify and calibrate index series, and the measures used to express confidence and uncertainty. We conclude with 11 

a series of recommendations to guide the development of future index-based climate reconstructions to maximise their 12 

effectiveness for use by climate modellers and in multiproxy climate reconstructions. 13 

 14 

Keywords. Climate reconstruction; temperature reconstruction; precipitation reconstruction; historical climatology; climate 15 
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1. Introduction  17 

Much of the effort of the palaeoclimatological community in recent decades has focussed on understanding long-term 18 

changes in climate, typically at millennial, centennial, or at best (in the case of dendroclimatology and palaeolimnology) sub-19 

decadal to annual resolution. The results of this research have revolutionised our knowledge both of how climates have 20 

varied in the past and the potential drivers of such variability. However, as Pfister et al. (2018) identify, the results of 21 

palaeoclimate research are often at a temporal and spatial scale that is not suitable for understanding the short-term and local 22 

impacts of climate variability upon economies and societies. To this end, historical climatologists work to reconstruct high-23 

resolution ï annual, seasonal, monthly and in some cases daily ï series of past temperature and precipitation variability from 24 

the archives of societies, as these are the scales at which weather impacts upon individuals and communities (e.g. Allan et 25 

al., 2016; Brönnimann et al., 2019). 26 

The archives of societies, used here in a broad sense to refer to both written records and evidence preserved in the built 27 

environment (e.g. historic flood markers, inscriptions), contain extensive information about past local weather and its 28 

repercussions for the natural environment and on daily lives. Information sources include, but are not limited to, annals, 29 

chronicles, inscriptions, letters, diaries/journals (including weather diaries), newspapers, financial, legal and administrative 30 

documents, shipsô logbooks, literature, poems, songs, paintings and pictographic and epigraphic records (Brázdil et al., 2005; 31 

Brázdil et al., 2010; Brázdil et al., 2018; Pfister, 2018; Rohr et al., 2018). Three main categories of information appear in 32 

these sources that can be used independently or in combination for climate reconstruction: (i) early instrumental 33 

meteorological data; (ii) records of recurring physical and biological processes (e.g. dates of plant flowering, grape ripening, 34 

the freezing of lakes and rivers); and (ii i) narrative descriptions of short-term atmospheric processes and their impacts on 35 

environments and societies (Brönnimann et al., 2018).  36 

The heterogeneity of the archives of societies ï in time, space and in the types of information included in individual sources 37 

ï raises conceptual and methodological challenges for climate reconstruction. Historical meteorological data can be quality-38 

checked and analysed using standard climatological methods, while records of recurrent physical and biological phenomena 39 

provide proxy information that may be assessed using a variety of palaeoclimatological approaches (cf. Brönnimann et al., 40 

2018). Narrative descriptions, however, require different treatment to make local observations of weather and its impacts 41 

compatible with the statistical requirements of climatological research.  42 

A common approach used in historical climatology for the analysis of descriptive (or narrative) evidence is the generation of 43 

ordinal-scale indices as a bridge between raw weather descriptions and climate reconstructions. A simple index might, for 44 

example, employ a three-point classification, with months classed as ī1 (cold or dry), 0 (normal) and 1 (warm or wet) 45 

depending upon the prevailing conditions described within historical sources. As Pfister et al. (2018) note, this ñindexò 46 

approach provides a means of converting ñdisparate documentary evidence into continuous quantitative proxy dataé but 47 

without losing the ability to get back to the short-term local information for critical inspection and analysisò (p.116). Brázdil 48 

et al. (2010) provide a detailed account of the issues associated with the generation of indices. 49 

The index approach to historical climate reconstruction over much of the world ï an exception being China ï has its roots in 50 

European scholarship. There is, however, considerable variability in the types of phenomena reconstructed using an index 51 

approach in different areas. There is also variability in practice, both in the way that historical evidence is treated to generate 52 

indices and in the number of ordinal categories in individual index series. Variability in the treatment of evidence arises, in 53 

part, from the extent to which analytical approaches have developed independently. In terms of categorisation, three-, five- 54 

and seven-point index series are most widely used but greater granularity (i.e. a greater number of index classes) may be 55 

achieved in different regions and for different climate phenomena depending upon the quantity, resolution and/or richness of 56 

the original historical evidence.   57 
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This study arises from the work of the PAGES (Past Global Changes) CRIAS Working Group, a cooperative of climate 58 

historians and historical climatologists researching Climate Reconstructions and Impacts from the Archives of Societies. The 59 

first meeting of the Working Group in Bern, Switzerland, in September 2018 identified the need to understand variability 60 

and ï ideally ï harmonise practice in the use of indices to maximise the utility  of historical climate reconstructions for 61 

climate change investigations. This study, written by regional experts in historical climatology with contributions from other 62 

CRIAS members, is intended to address this need. 63 

The main aims of this paper are to: (i) provide a global state-of-the-art review of the development and use of the index 64 

approach as applied to descriptive evidence in historical climate reconstruction; and (ii) identify best practice for future 65 

investigations. It does so through a continent-by-continent overview of practice, followed by a review of the use of indices in 66 

the reconstruction of climate variability over the oceans. Studies from northern polar regions are reviewed within sections 5 67 

(the Americas) and 7 (the Oceans), as appropriate. To the knowledge of the authors, no studies of the climate history of 68 

Antarctica use an index approach.  69 

Three caveats are necessary to frame the coverage of the review. First, the nature of documentary sources is well discussed 70 

in the climate history literature for most parts of the world. As such, we provide only limited commentary on sources for 71 

each continent, except for selected regions. These include China, where only a few overviews of documentary sources have 72 

been published (e.g. Wang, 1979; Wang and Zhang, 1988; Zhang and Crowley, 1989; Ge et al., 2018), and Japan and Russia 73 

where, to our knowledge, no detailed descriptions are available for Anglophone audiences. Second, there are instances in the 74 

literature where quantifiable data in documentary sources (e.g. sea-ice cover, phenological phenomena) and even 75 

instrumental meteorological data are converted to indices for climate reconstruction purposes. This occurs mainly in studies 76 

where such data are integrated with narrative evidence to generate longer, more continuous and homogenous series with a 77 

consistent (monthly or seasonal) resolution. We do not describe the generation of such index series in detail, but do provide 78 

examples in sections 2 to 7, as appropriate. Third, the emphasis of the article is on the documentation of studies that have 79 

used an index approach to climate reconstruction, with critical review and comparison where appropriate. The number of 80 

instances where comparative analysis is possible is necessarily restricted by the limited number of studies that have 81 

undertaken either different approaches to index development for the same location or identical approaches for different 82 

regions. 83 

 84 

2. Climate indices in Europe 85 

2.1. Origins of documentary-based indices in Europe 86 

The use of climate indices has a long tradition in Europe, with the earliest studies published during the 1920s CE. As in any 87 

area, the start date for meaningful index-based reconstructions is determined by the availability of source material. In 88 

Central, Western and Mediterranean Europe, for example, sources containing narrative evidence are sufficiently dense from 89 

the 15th century CE onwards to enable seasonal index reconstruction for more than half of all covered years. Exceptionally, 90 

indices can be generated from the 12th century onwards, but with greatest confidence from the 14th century when serial 91 

sources join the available historiographic information (Wozniak, 2020). The number of index-based climate reconstructions 92 

for Europe is large; as such, this section of the review focusses mainly upon studies that include original published series 93 

based on primary sources and that reconstruct meteorological entities. This excludes climate modelling and other studies that 94 

synthesise or reanalyse previously published historical index series. 95 

Due to the dominance of references to winter conditions in European documentary sources, early investigations centred 96 

primarily on winter severity (Pfister et al., 2018). The first use of the index approach was by the Dutch journalist, astronomer 97 

and later climatologist Cornelis Easton, who published his oeuvre on historical European winter severity in 1928 (Easton, 98 
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1928). In this monograph, Easton presented early instrumental data but also a catalogue of descriptions of winter conditions 99 

dating back to the 3rd century BCE derived from narrative evidence. For the period prior to 1205 CE, this catalogue lists only 100 

remarkable winter seasons; however, after this date every winter up to 1916 is attributed to a ten-point classification, 101 

including a quantifiable coefficient and a descriptive category. Eastonôs classification appears as an adapted graph in the 102 

second edition of Charles E. P. Brooks (1949) book on Climate Through the Ages (Pfister et al., 2018).  103 

An isolated attempt to quantify the evaluation of weather diaries (spanning 1182-1780 CE) was proposed by the German 104 

meteorologist Fritz Klemm (1970), with a two-point scale for winter and summer temperature (cold/mild and mild/warm 105 

respectively) and precipitation (dry/wet). The Dutch meteorologist Folkert IJnsen also developed winter severity indices for 106 

the Netherlands (1200-1916 CE) but following a slightly different approach (IJnsen and Schmidt, 1974). However, one of 107 

the most important advances came in the late 1970s when British climatologist Hubert Horace Lamb published three-point 108 

indices of winter severity and summer wetness for Western Europe (1100-1969 CE) in his seminal book Climate: Past, 109 

Present and Future (Lamb, 1977). Lambôs methodology was more easily applicable compared to Eastonôs ï a likely reason 110 

why successive studies refer to Lambôs method and why, in the aftermath of his publication, the index approach was applied 111 

in many different European regions.  112 

In 1984, the Swiss historian Christian Pfister published his first temperature and precipitation indices for Switzerland in the 113 

volume Das Klima der Schweiz von 1525-1860, expanding his climate indices to cover all months and seasons of the year 114 

(Pfister, 1984). Pfisterôs work adapted Lambôs methods, extending Lambôs three-point scale into monthly seven-point 115 

ordinal-scale temperature and precipitation indices (Figure 1). Shortly after Pfisterôs initial study, Pierre Alexandre (1987) 116 

developed a comprehensive overview of the climate of the European Middle Ages (1000-1425 CE), also using indices. Over 117 

a decade later, Van Engelen et al. (2001) published a nine-point index-based temperature reconstruction for the Netherlands 118 

and Belgium (764-1998 CE). Most research groups investigating European climate history ï including those led by Rüdiger 119 

Glaser (Freiburg, Germany) and Rudolf Brázdil (Brno, Czech Republic) ï now adopt Pfisterôs approach as the standard 120 

method for index development, at least for temperature and precipitation reconstructions. This is described in more detail in 121 

section 8 as part of a global overview of approaches to index construction. The opportunity to combine narrative evidence 122 

with quantifiable information is one of the great advantages of the index-approach (Pfister et al., 2018). As a result, many 123 

index-based series for Europe incorporate some quantitative data. Many series also contain data gaps; the earlier the epoch, 124 

the more likely there are to be breaks in series ï this is common to almost all index-based series globally. 125 

 126 
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Figure 1: Monthly seven-point temperature indices for the Swiss Plateau (1680-1700), reconstructed using the Pfister index 127 

approach (data from Pfister, 1998). Zero values for specific months are indicated by a small green bar. 128 

One area of Europe with a different research tradition is Russia (Jusupoviĺ and Bauch, 2020). Here, the earliest climate 129 

history research was by K.S. Veselovskij (1857), who compared historical information from various source types against 130 

early 19th century statistical climate data (for more details of Veselovskiy's work, see Zhogova, 2013). M.A. Bogolepov later 131 

analysed climate-related information in published Cyrillic and Latin sources from the 10th century onwards (Bogolepov, 132 

1907, 1908, 1911). Other studies have focused on accounts of anomalous weather in Russian sources (e.g. Borisenkov and 133 

Paseckij, 1983, 1988) and on reconstructing historical climate (Burchinskij, 1957; Liakhov, 1984; Borisenkov, 1988; 134 

Klimanov et al., 1995; Klimenko et al., 2001; Slepcov and Klimenko, 2005; Klimenko and Solomina, 2010), river flows 135 

(Oppokov, 1933) and famine years (Leontovich, 1892; Bozherianov, 1907). 136 

The most important collection of Russian documentary sources is the 43-volume ʇʦʣʥʦʝ ʉʦʙʨʘʥʠʝ ʈʫʩʩʢʠʭ ʃʝʪʦʧʠʩʝʡ 137 

(óComplete Collection of Russian Chroniclesô, abbreviated to ʇʉʈʃ; Borisenkov and Paseckij, 1988). These chronicles 138 

document events including infestations of insects, droughts, wet summers, wet autumns, unusual frost events, famine, floods, 139 

storms and earthquakes. The records have been used, in conjunction with other European sources, by Borisenkov and 140 

Paseckij (1988) to reconstruct a qualitative Russian climate history for the last 1000 years. More recent reconstructions have 141 

extended beyond historical sources to include a variety of other climate proxies (e.g. Klimenko and Solomina, 2010). The 142 

development of index-based series from narrative evidence has yet to be attempted, although reconstructions of specific 143 

meteorological extremes, including wet/dry/warm/cold seasons and floods plus related socio-economic events such as 144 

famines, have been published by Shahgedanova (2002) (based on Borisenkov and Paseckij, 1983). 145 

2.2. Temperature indices 146 

Temperature is the most common meteorological phenomenon analysed using an index approach over northern and central 147 

Europe. Authors who have developed temperature index series include Christian Pfister (1984, 1992, 1999), Pierre 148 

Alexandre (1987), Rudolf Brázdil (e.g. Brázdil and Kotyza, 1995, 2000; Brázdil et al., 2013a; spanning periods from 1000-149 

1830 CE), Rüdiger Glaser (e.g. Glaser et al., 1999; Glaser, 2001; Glaser and Riemann, 2009; 1000-2000 CE), Astrid Ogilvie 150 

and Graham Farmer (1997; 1200-1439 CE), Gabriela Schwarz-Zanetti (1998; 1000-1524 CE), Lajos Rácz (1999; 16th 151 

century onwards), the Dutch working group around Aryan van Engelen (Van Engelen et al., 2001; Shabalova and van 152 

Engelen, 2003), Maria-João Alcoforado et al. (2000; 1675-1715 CE), Elena Xoplaki et al. (2001; 1675-1715 and 1780-1830 153 

CE), Anita Bokwa et al. (2001; 16th and 17th centuries), Petr Dobrovolný et al. (2009), Dario Camuffo et al. (2010; 1500-154 

2000 CE), Maria Fernández-Fernández et al. (2014; 2017; 1750-1840 CE), Laurent Litzenburger (2015; 1400-1530 CE) and 155 

Chantal Camenisch (2015a; 2015b; 15th century). The basis of these reconstructions is mainly narrative evidence from 156 

multiple sources, or in the case of Brázdil and Kotyza (1995, 2000) and Fernández-Fernández et al. (2014), a single narrative 157 

source. However, depending on the epoch, evidence may be supplemented by information from early weather diaries, 158 

administrative records and legislative sources. The majority of these studies (e.g. Pfister, 1984, 1992; Brázdil and Kotyza, 159 

1995; Glaser et al., 1999; Pfister, 1999; Rácz, 1999; Brázdil and Kotyza, 2000; Glaser, 2001; Van Engelen et al., 2001; 160 

Shabalova and van Engelen, 2003; Dobrovolný et al., 2009; Glaser and Riemann, 2009; Camuffo et al., 2010) include an 161 

overlap with available instrumental data. 162 

In Europe, different types of index scales have been used. As noted above, Christian Pfister (1984) developed a seven-point 163 

scale with a monthly resolution for temperature and precipitation (e.g., for temperature, -3: extremely cold, -2: very cold, -1: 164 

cold, 0: normal, 1: warm, 2: very warm, 3: extremely warm). Most historical climatologists follow this approach, though in 165 

some cases less granulated versions have had to be applied due to limited source density or quality. For instance, Glaser 166 

(2013) followed Pfisterôs indexing approach but used a three-point scale for the period 1000-1500 as information on weather 167 
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appear only occasionally in documentary sources from this time. Schwarz-Zanetti (1998), Litzenburger (2015) and 168 

Camenisch (2015a) have also applied seven-point indices for the late Middle Ages, the latter two series at a seasonal 169 

resolution (Figure 2).  170 

 171 

Figure 2: Comparison of seven-point winter temperature indices for Metz (Litzenburger, 2015) and the Low Countries 172 

(Belgium, Luxembourg and The Netherlands; Camenisch, 2015a) for the period 1420-1500, reconstructed using the Pfister 173 

index approach. Zero values for specific years are indicated by a small bar. 174 

In addition to these studies, four other approaches exist for Europe: (i) IJnsenôs temperature index (IJnsen and Schmidt, 175 

1974) consists of a nine-point scale, which was also adopted by Van Engelen et al. (2001); (ii) Alexandre (1987) used a five-176 

point scale seasonal index, with categories from -2 (very warm) to + 2 (very cold) and 0 being attributed to non-documented 177 

seasons; (iii ) Fernández-Fernández et al. (2014; 2017) used a three-point-scale: (+1: warmer than usual; 0:  normal; -1: 178 

colder than usual) and (iv) Domínguez-Castro et al. (2015) a five-point index (+2: very hot; +1: hot; 0: normal; -1: cold; -2: 179 

very cold). As noted in section 2.1, Klemm (1970) proposed a two-point index (warm/cold) for winter conditions.  180 

2.3. Precipitation indices 181 

Many of the authors mentioned in section 2.2 have also published precipitation indices. These reconstructions are usually 182 

based on the same source materials as the temperature indices (an exception being Dobrovolný et al., 2015). However, for 183 

certain regions, very specific source types exist that are more favourable for precipitation reconstructions than temperature ï 184 

see, for example, the precipitation series for the Mediterranean based on the analysis of urban annals, religious chronicles 185 

and books of church and city archives (e.g. Rodrigo et al., 1994; Rodrigo et al., 1998; Rodrigo et al., 1999; Rodrigo and 186 

Barriendos, 2008; Fernández-Fernández et al., 2014; Domínguez-Castro et al., 2015; Fernández-Fernández et al., 2015). 187 

These series span various periods of the 16th to 20th centuries and, in some cases, overlap with instrumental data. 188 

Often the same scale is applied for both temperature and precipitation indices; however, in certain regions, precipitation 189 

indices may show more gaps than their temperature counterparts as data may be seasonal or more sporadic. The studies by 190 

Van Engelen et al. (2001), Alexandre (1987), Fernández-Fernández et al. (2014; 2017) and Domínguez-Castro et al. (2015) 191 

are exceptions, in that each adopted a different or more rudimentary scale for precipitation compared to their temperature 192 

reconstructions. Van Engelen et al. (2001) opted for a five-point scale for precipitation compared to a nine-point scale for 193 

temperature, and Alexandre (1987) a three-point rather than five-point index. Alexandreôs (1987) precipitation index is also 194 

relatively simple and separates events by their nature (1: Snow; 2: Rain; 3: Dry conditions) rather than intensity. Fernández-195 
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Fernández et al. (2014; 2017) used a two-point scale (0: total absence of rain; 1: occurrence of rain) and Domínguez-Castro 196 

et al. (2015) a four-point scale. 197 

Index series based on historical records of religious rogation ceremonies warrant separate discussion. Rogations are liturgical 198 

acts conducted to request either rainfall during a drought (termed pro-pluvia rogations) or an end to excessive or persistent 199 

precipitation (pro-serenitate rogations), and were used as an institutional mechanism to address social stress in response to 200 

such meteorological extremes (see Martín-Vide and Barriendos, 1995; Barriendos, 2005; Tejedor et al., 2019). Analyses of 201 

the occurrence and nature of rogation ceremonies have proven particularly valuable for western Mediterranean regions (most 202 

notably the Iberian Peninsula), where they have been used to create precipitation indices spanning the 16th to 19th centuries 203 

(e.g. Álvarez Vázquez, 1986; Martín-Vide and Vallvé, 1995; Barriendos, 1997, 2010; Gil-Guirado et al., 2019). In some 204 

cases, information about rogation ceremonies has been combined with climate-related narrative evidence to generate 205 

precipitation series (e.g. Fragoso et al., 2018). Useful evaluations of different indexing methods are provided by Domínguez-206 

Castro et al. (2008) and Gil-Guirado et al. (2016). For a discussion of the use of rogation ceremonies as a proxy for drought 207 

see section 2.5, and for examples of rogation-based reconstructions in Mexico and South America see section 5. 208 

2.4. Flood indices 209 

Flood events ï the result of short periods of heavy precipitation and/or prolonged rainfall ï can also be classified using 210 

indices. The basis of European flood indices include descriptive accounts, administrative records such as bridge masterôs 211 

accounts (e.g. those in Wels, Austria, which span the period 1350-1600 CE; Rohr, 2006, 2007, 2013), historic flood marks 212 

and river profiles (Wetter et al., 2011; spanning 1268-present and overlapping with instrumental data). In some regions, the 213 

availability and characteristics of sources may vary, and certain source types may be more important for flood reconstruction 214 

than others. This is, for instance, the case in Hungary, where charters play a particularly important role in flood 215 

reconstruction (Kiss, 2019; for the period 1001-1500 CE).  216 

The scales used for flood reconstruction differ slightly from those used for the reconstruction of temperature and 217 

precipitation. Drawing on Brázdil et al. (1999; which spans the 16th century), scholars mainly from Central Europe (e.g. 218 

Sturm et al., 2001 [for the period 1500 CE-present]; Glaser and Stangl, 2003; 2004 [1000 CE-present]; Kiss, 2019) and 219 

France (Litzenburger, 2015) have applied a three-point scale. In contrast, Pfister (1999), Wetter et al. (2011) and Salvisberg 220 

(2017; 1550-2000 CE) used a five-point scale for floods of the River Rhine in Basel and the River Gürbe in the vicinity of 221 

Bern. The French historian Emmanuel Garnier also developed a five-point scale to reconstruct flood time-series from 1500 222 

to 1850 CE, taking into consideration the spatial extent and economic consequences of each event (Garnier, 2009, 2015). A 223 

novel feature of the Garnier index is that it includes a -1 value for events where intensity cannot be estimated through 224 

documentary sources. Rohr (2006, 2007, 2013) chose a four-point scale for his flood reconstruction of the river Traun in 225 

Wels (Austria). In many cases, the index values express the amount of flood damage and/or the duration of flooding in 226 

combination with the geographical extent (e.g. Pfister and Hächler, 1991 [covering the period 1500-1989 CE]; Salvisberg, 227 

2017; Kiss, 2019). Comprehensive overviews of flood reconstruction, including the index method, are given in Glaser et al. 228 

(2010), Brázdil et al. (2012) and recent work by the PAGES Floods Working Group synthesised in Wilhelm et al. (2018). 229 

2.5. Drought indices 230 

Drought events are closely linked to precipitation variability. As a result, many analyses of historical European droughts use 231 

indices adapted from precipitation reconstructions. Evidence of past droughts can be found in administrative sources, diaries, 232 

newspapers, religious sources and epigraphic evidence (see Brázdil et al., 2005; Brázdil et al., 2018; Erfurt and Glaser, 2019 233 

[which spans the period 1800 CE-present]). Different approaches exist in historical climatology to express the severity of 234 

droughts in index form. Brázdil and collaborators (2013b) proposed a three-point scale (-1: dry; -2: very dry; -3: extremely 235 

dry) adapted from the precipitation indices described in section 2.3. Dry periods appear only in the drought index if they last 236 



9 

 

for at least two successive months. A similar approach is used by Pfister et al. (2006), Camenisch and Salvisberg (2020; 237 

covering 1315-1715 CE) and Bauch et al. (2020; 1200-1400 CE). However, Garnier (2018) applies a five-point scale with an 238 

additional sixth category for known drought-years with insufficient evidence for a more precise classification.  239 

Drought indices have also been derived for the Western Mediterranean using records of rogation ceremonies, with specific 240 

methodologies developed to estimate the length, severity and continuity of drought episodes (see Domínguez-Castro et al., 241 

2008). A number of studies have used evidence of pro-pluvia ceremonies (see section 2.3) as a drought proxy (Piervitali and 242 

Colacino, 2001; Domínguez-Castro et al., 2008; Domínguez-Castro et al., 2010; Garnier, 2010; Domínguez-Castro et al., 243 

2012b; Tejedor et al., 2019), sometimes in combination with other narrative evidence (e.g. Fragoso et al., 2018; Gil-Guirado 244 

et al., 2019). Readers are referred to Brázdil et al. (2018) for a detailed discussion of the different types of drought indices. 245 

2.6. Other indices 246 

In Europe, the index method has only rarely been applied in contexts other than for temperature, precipitation, flood and 247 

drought reconstruction. Pichard and Roucaute (2009) developed, for example, an index for snowfall in the French 248 

Mediterranean region since 1715 CE, including ordinal categories escalating from 1 to 3 depending on the event duration 249 

and quantity of snow fallen. This study is based on information from diaries and other urban documentary sources. Marie-250 

Luise Heckmann (2008, 2015), coming from the field of historical seismology and seemingly unconnected to discussions in 251 

historical climatology, developed a combined temperature/precipitation index that differentiates winters and summers by 252 

weather description and phenological phenomena; this index was applied to documentary data from late-medieval Prussia 253 

and Livonia (1200-1500 CE). Pro-pluvia rogation ceremonies have been analysed as a proxy for the winter North Atlantic 254 

Oscillation between 1824 and 1931 CE in the Extremedura region of Spain (Bravo-Paredes et al., 2020). 255 

Sea ice reconstructions for the seas around Iceland have been developed by Astrid Ogilvie, the pioneer of Icelandic climate 256 

history (Ogilvie, 1984, 1992; Ogilvie and Jónsson, 2001).  She developed a monthly resolution sea-ice index based on 257 

historical observations in 37 sectors of the sea around Iceland (Ogilvie, 1996), including sightings of sea-ice in shipsô 258 

logbooks, whalersô and sealersô charts, diaries, letters, books and newspapers. The index values hence vary from 1 to 259 

(theoretically) 37, with data weighed by source reliability. Pre-1900 CE records report single observations of icebergs and 260 

varying concepts of sea-ice have to be taken into consideration. The record is presented as a 5-year summarised value for the 261 

period 1600-1784 CE, with monthly and annual values given from 1785 to present. 262 

 263 

3. Climate indices in Asia 264 

3.1. Origins of documentary-based indices in Asia 265 

The use of the index approach in Asia is limited to research in China and India. With the exception of Japan, historical 266 

climatology research is either in its infancy or completely absent in other parts of the continent (Adamson and Nash, 2018). 267 

Very little work to reconstruct climate from documentary sources has occurred in southeast Asia, for example, and efforts to 268 

utilise records from the Byzantine Empire (Telelis, 2008; Haldon et al., 2014) and Muslim world (e.g. Vogt et al., 2011; 269 

Domínguez-Castro et al., 2012a) are only recently emerging. In Korea, only Kong and Watts (1992) have developed 270 

anything resembling climate indices, categorising individual years as warm/cold or dry/humid using information from diaries 271 

and histories. 272 

Climate reconstruction work in China has developed largely independently from European historical climatology traditions. 273 

The Central Meteorological Bureau of China has published several fundamental works on Chinese wet/dry series. In 1981, a 274 

milestone work showed 120 cities with a five-point wet/dry series for the whole of China spanning the period 1470 to 1979 275 

CE (Central Meteorological Bureau of China, 1981). Nowadays, most reconstructions (including coldness, drought, frost, 276 



10 

 

hail  and others) are based on the Compendium of Chinese Meteorological Records of the Last 3,000 Years edited by Zhang 277 

Deôer (2004). This compendium provides details of a wide range of historical meteorological phenomena from across China 278 

at a daily level. However, due to an imbalance in population distribution, records are more abundant for eastern than western 279 

China (Ge et al., 2013). In India, the only study to use an index approach (Adamson and Nash, 2014) was developed from 280 

Nash and Endfieldôs work in southern Africa (see section 4); there were, however, several differences in approach, notably 281 

the inclusion of calibration tables. 282 

One country where the field of historical climatology is relatively well-developed is Japan. Japan has weather data recorded 283 

in documents dating back to at least 55 CE (Ingram et al., 1981), and diaries in particular have been utilised to reconstruct 284 

climate conditions (e.g. Mikami, 2008; Zaiki et al., 2012; Ichino et al., 2017; ShǾ et al., 2017). Access to documentary data 285 

on past weather phenomena is provided by detailed collections that evaluate historical sources (Mizukoshi, 2004-2014; 286 

Fujiki, 2007). However, Japanese historical climatology has no tradition of using indices, instead tending to use information 287 

in documentary sources to reconstruct units of meteorological measurement such as temperature and precipitation directly. 288 

For example, Mikami (2008) correlated mean monthly summer temperature with number of rain days. Mizukoshi (1993) and 289 

Hirano and Mikami (2008) used historical records to provide detailed reconstructions of weather patterns. Mizukoshi (1993) 290 

divided rainy seasons into three types: ñheavy rain typeò, ñlight rain typeò and ñclear rainy season typeò, although these are 291 

not indices per se. In a similar way, ItǾ (2014) distinguished precipitation in categories such as ñpersisting rainfallò or ñlong 292 

downpourò, depending on seven keywords for each category. He used a similar approach to define indicators for cold spells, 293 

using keywords such as ñcoldò, ñfrostò, and ñput on cotton [clothes]ò. This keyword method for climatic conditions is also 294 

applied by Tagami (2015). There has also been much effort to reconstruct climate from climate-dependent phenomena such 295 

as cherry blossom or lake freezing dates (e.g. Aono and Kazui, 2008; Mikami, 2008; Aono and Saito, 2010).  296 

3.2. Types of documentary evidence used to create index series 297 

Historical climate index development in India has used a similar range of sources to those noted above for Europe ï 298 

specifically newspapers and private diaries spanning the period 1781 to 1860 CE, supplemented by government records, 299 

missionary materials and some reports (Adamson and Nash, 2014). The sources used for the development of climate indices 300 

in China, however, are very different and require further explanation. 301 

The earliest known written weather records in China, inscribed onto oracle bones, bronzes and wooden scripts, date to the 302 

Shang dynasty (~1600 BCE). These records were intended for weather forecasting, but later included actual weather 303 

observations (Wang and Zhang, 1988). Emperors of succeeding dynasties compiled more systematic records to allow them 304 

to better understand the weather, forecast harvests and hence maintain social stability (Tan et al., 2014). Some scholars use 305 

an old Chinese concept of Tien (or Tian, meaning Heaven) to explain the tradition. Tien was viewed as a medium used by 306 

gods and divinities to forward messages. Natural hazards (e.g. droughts and floods) were regarded as displaying Tienôs 307 

displeasure with the emperor and his court and were often followed by uprisings and rebellions (Perry, 2001; Pei and Forêt, 308 

2018). To help them understand the long-term pattern of such hazards, imperial governments appointed specialists such as 309 

Taishi (imperial historians) or Qintian Jian (imperial astronomers) to record unusual and/or extreme weather events. Later, 310 

related environmental and socioeconomic events, such as early or late blossoming, agricultural conditions, famine, plagues 311 

and locust outbreaks, were also recorded (see Wang et al., 2018, for further details). This long tradition of chronicling has 312 

resulted in an exceptional range of materials for understanding and reconstructing past climates. It is worth noting, however 313 

that ï due to a desire in imperial China to generalise details (Hansen, 1985) ï phenomena were often only recorded as 314 

narrative descriptions with magnitude categorised as large, medium, or small.  315 

The earliest official chronicle was Han Shu (óThe Book of Hanô) written by Ban Gu (32-92 CE). However, many earlier 316 

historical books incorporate climate observations, including Shi Ji (óRecords of the Grand Historianô) by Sima Qian (145-86 317 
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BCE) and Chun Qiu (óSpring and Autumn Annalsô) compiled by Confucius (551-479 BCE) for the history of the Lu 318 

Kingdom (722- 481 BCE) (Wang and Zhang, 1988). Classic literature called Jing Shi Zi Ji was compiled in Si Ku Quan Shu 319 

(óComplete Library in Four Branches of Literatureô) published in 1787 (full-text digital versions are accessible at websites 320 

including Scripta Sinica: http://hanchi.ihp.sinica.edu.tw/ihp/hanji.htm). The Shi (meaning óhistoryô) branch contains, but is 321 

not limited to, the óTwenty-Four Historiesô (later expanded to óTwenty-Five Historiesô by adding Qing Shi Gao, the óDraft 322 

History of Qingô), other historical books, documents of the central administration, local gazettes and private diaries (Ge et 323 

al., 2018).  324 

While providing consistency in recording practices, the spatial coverage of official historical books was often limited to 325 

national capitals or other important locations. However, the writing of Fang Zhi ï local chronicles or gazettes, popular in the 326 

Ming (1368-1643 CE) and especially Qing (1644-1911 CE) dynasties ï substantively expanded the availability of 327 

documentary sources. Local gazettes contain unusual weather- and climate-related statements like those in the official 328 

chronicles, but incorporate additional details at provincial, prefectural, county or township levels depending on the local 329 

administrative unit. For more information, see Ge et al. (2018) and a database of local gazettes at 330 

http://lcd.ccnu.edu.cn/#/index. 331 

In the 1980s, the Central Meteorological Bureau of China initiated a massive project for the compilation of weather- and 332 

climate-related records. The work resulted in the most influential publication in contemporary Chinese climate literature, 333 

The Compendium of Chinese Meteorological Records of the Last 3,000 Years edited by Zhang Deôer (2004); this contains 334 

more than 150,000 records quoted from 7,930 historical documents, mostly local gazettes. To maximise the availability of 335 

the compendium, Wang et al. (2018) have digitised the records into the REACHES database (Figure 3). The quantity of 336 

records peaks in the last six hundred years, during the Ming and Qing dynasties. This is due to a large number of local 337 

gazettes spread across the country; however, only a few are available for the Tibetan Plateau and arid western regions. The 338 

Institute of Geographic Sciences and Natural Resources Research (Chinese Academy of Sciences) has also collated 339 

phenological records from historical documents (Zhu and Wang, 1973; Ge et al., 2003).  340 

Two sources of documentary evidence are of particular importance for historical climate reconstruction in China. Daily 341 

observations of sky conditions, wind directions, precipitation types and duration are recorded in Qing Yu Lu (óClear and Rain 342 

Recordsô) (Wang and Zhang, 1988). The records, however, are descriptive and only available for selected areas; these 343 

include Beijing (1724-1903 with six missing years), Nanjing (1723-1798), Suzhou (1736-1806), and Hangzhou (1723-1773). 344 

Yu Xue Fen Cun (óDepth of Rain and Snowô) reported the measured depth of rainfall infiltration into the soil or depth of 345 

snow accumulation above ground in the Chinese units fen (~3.2mm) and cun (~3.2cm). From 1693 to the end of the Qing 346 

dynasty in 1911, these measurements were taken in eighteen provinces; however, many records include imprecise 347 

measurements and/or dates (Ge et al., 2005; Ge et al., 2011). Despite their descriptive and semi-quantitative nature, the two 348 

documentary sources are valuable for reconstructing past climate, especially for summer precipitation (Gong et al., 1983; 349 

Zhang and Liu, 1987; Zhang and Wang, 1989; Ge et al., 2011) and meiyu (or 'plum rains', marking the beginning of the rainy 350 

season; see Wang and Zhang, 1991) in different cities depending on the record length as described above. They are also 351 

useful for cross checking and/or validating climate indices derived from other documentary sources.  352 

3.3. Temperature indices 353 

The availability of documentary temperature indices for Asia is restricted to China. Zhu (1973) was the first Chinese scholar 354 

to use historical weather records and phenological evidence to identify temperature variability over the last 5,000 years 355 

(~3000 BCE to 1955 CE). He consulted a range of data sources for his reconstruction, including the dates of lake/river 356 

freezing/thawing, the start/end dates of snow and frost seasons, arrival dates of migrating birds, the distribution of plants 357 

http://hanchi.ihp.sinica.edu.tw/ihp/hanji.htm
http://lcd.ccnu.edu.cn/#/index
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such as bamboo, lychee and orange, the blossoming dates of cherry trees and harvest records. However, the study did not 358 

clearly indicate his methodology.  359 

Winter temperature anomalies were initially regarded as key indicators of temperature changes in China (Zhang and Gong, 360 

1979; Zhang, 1980; Gong et al., 1983; Wang and Wang, 1990a; Shen and Chen, 1993; Ge et al., 2003), as (i) there were 361 

more temperature-related descriptions in winter than in other seasons and (ii) winter temperatures have higher regional 362 

uniformity than summer temperatures (Wang and Zhang, 1992). However, this uniformity mainly reflects changes in the 363 

Siberian High system, so reconstructions of summer (and other season) temperature and precipitation anomalies to reflect 364 

other aspects of monsoon circulation soon received increasing attention (see, for example, Zhang and Liu, 1987; Wang and 365 

Wang, 1990b; Yi et al., 2012).  366 

 367 

 368 

Figure 3: Numbers of historical documentary records in the REACHES database for China. (a) Spatial distribution of 369 

records at 1,692 geographical sites across China. (b) Temporal evolution of the records in the database from 1 to 1911 CE 370 

(brown series); inset (blue series) shows the same data for 1 to 1350 CE but with an expanded vertical axis.  371 
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Zhuôs (1973) pioneering work has had a great influence upon the development of historical climatology in China. Successive 372 

studies used a similar approach to reconstruct winter temperature indices for every decade from the 1470s to 1970s by 373 

counting the frequency of years with cold- or warm-related records (Zhang and Gong, 1979; Zhang, 1980; Shen and Chen, 374 

1993; Zheng and Zheng, 1993). Zhang (1980) adopted binary (cold/warm) categories and further developed an equation to 375 

derive decadal temperature indices for the period 1470-1970 CE (see Section 8.2); this approach was applied in several 376 

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

The formal development of an ordinal-scale temperature index was first introduced by Wang and Wang (1990b) who used a 378 

four-point scale to build decadal winter cold index series for the period 1470-1979 CE in eastern China (0: no or light snow 379 

or no frost; 1: heavy snow over several days; 2: heavy snow over months; 3: heavy snow and frozen ground until the 380 

following spring). This approach was widely applied in subsequent series in different regions, for different seasons and at 381 

differing temporal resolutions (Wang and Wang, 1990a; Wang and Wang, 1990b; Wang et al., 1998; Wang and Gong, 2000; 382 

Tan and Liao, 2012; Tan and Wu, 2013). For example, Wang and Gong (2000) developed a fifty-year resolution winter cold 383 

index for eastern China spanning the period 800-2000 CE. Tan and colleagues adapted the approach to reconstruct decadal 384 

temperature index series (-2: rather cold; -1: cold; 0: normal; 1: warm) in the Ming (1368-1643 CE; Tan and Liao, 2012) and 385 

Qing dynasties (1644-1911 CE; Tan and Wu, 2013) in the Yangtze delta region.  386 

3.4. Drought/flood and moisture indices 387 

China has a particularly rich legacy of documents describing historical floods and droughts, and using such records to define 388 

drought-flood series has a long tradition. Zhu (1926) and Yao (1943) presented the earliest drought-flood series for all of 389 

eastern China (206 BCE-1911 CE), although their temporal and spatial resolutions are vague. Due to the higher number of 390 

available records for the last several hundred years, reconstructions using frequency counts were avoided in their series; 391 

instead the ratio between flood and drought events was used to build moisture indices (see section 8.2). Examples of other 392 

early studies include Yao (1982), Zhang and Zhang (1979), Zheng et al. (1977) and Gong and Hameed (1991).  393 

Beginning in the 1970s, the Central Meteorological Administration initiated a project to reconstruct historic annual 394 

precipitation. This adopted a five-point ordinal scale (1: very wet; 2: wet; 3: normal; 4: dry; 5: very dry) to form drought-395 

flood indices for 120 locations in China spanning the period 1470-1979 CE (Academy of Meteorological Science of China 396 

Central Meteorological Administration, 1981). The indices were compiled based on the evaluation of historical descriptions 397 

(section 8.2), with the series later extended to 2000 CE (Zhang and Liu, 1993; Zhang et al., 2003). Most reconstructions in 398 

China now use this five-point index (Zheng et al., 2006; Tan and Wu, 2013; Tan et al., 2014; Ge et al., 2018). For example, 399 

Zhang et al. (1997) used the approach to establish six regional series of drought-flood indices for eastern China (from the 400 

North China Plain to the Lower Yangtze Plain) spanning the period 960-1992 CE. Zheng et al. (2006) developed a dataset 401 

covering 63 stations across the North China Plain and the middle and lower reaches of the Yangtze Plain and reconstructed a 402 

drought-flood index series spanning 137 BCE to 1469 CE.  403 

Adamson and Nash (2014) also adopted a five-point index series when reconstructing monsoon precipitation in western 404 

India (Figure 4). Where data quality allowed, indices were derived for individual ómonsoon monthsô (May/June, July, 405 

August and September/October) and summed to produce an index value for each entire monsoon season. Where monthly-406 

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

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

Department for their seasonal forecasts (from ódeficientô to óexcessô rainfall) and regular reports of rainfall conditions (a 4-409 

point scale from óscantyô to óexcessô, with a fifth category óheavyô added by the authors). As each of these correspond to 410 

percentage deviations from a rainfall norm, this allowed the generation of calibration tables within an instrumental overlap 411 
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period, to assign descriptive terms to specific index points (e.g. the term óseasonable rainô to the category +1 óexcessô). This 412 

should allow the same methodology to be repeated elsewhere in India but limits the methodology to the subcontinent.  413 

  414 

Figure 4: Five-point Western India Monsoon Rainfall reconstruction for 1780-1860. The reconstruction is a combination of 415 

separate series for Mumbai, Pune and the Gulf of Khambat (see inset). Monsoon index categories map broadly onto Indian 416 

Meteorological Department (IMD) descriptors of seasonal monsoon rainfall (data for reconstruction from Adamson and 417 

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

3.5. Other series 419 

Several other studies have used weather descriptions within documentary records to reconstruct past climate series in China. 420 

These include reconstructed winter thunderstorm frequency (Wang, 1980, spanning 250 BCE-1900 CE), dust fall (Zhang, 421 

1984, for the period 1860-1898 CE; Fei et al., 2009, for the past 1700 years) and typhoon series in Guangdong (Liu et al., 422 

2001, 1000-1909 CE) and coastal China (Chen et al., 2019, 0-1911 CE). Many scholars have also used information in Qing 423 

Yu Lu and Yu Xue Fen Cun to count and build winter snowfall days series (Zhou et al., 1994; Ge et al., 2003), while Hao et 424 

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

Yangtze River since 1736. 426 

Phenology-related phenomena have also been widely used in China to indicate past climate variability (Liu et al., 2014). 427 

Flower blossom dates in Hunan between 1888 and 1916 (Fang et al., 2005) and in the Yangtze Plain from 1450 to 1649 (Liu, 428 

2017) were used to indicate temperature change. The date of the first recorded ósongô of the adult cicada has also been used 429 

to reconstruct precipitation change during the rainy season in Hunan from the late 19th to early 20th century (on the principle 430 

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

2008). In recent years, researchers have been able to reconstruct various series including typhoons (Chen et al., 2019; Lin et 432 

al., 2019) and droughts (Lin et al., 2020) from the compendium of Chinese records compiled by Zhang (2004). 433 

Using descriptions of agricultural outputs in the Twenty-Four Histories and Qing History, Yin et al. (2015) developed a grain 434 

harvest yield index and used this to infer temperature variations from 210 BCE to 1910 CE. Details of outbreaks of Oriental 435 

migratory locusts in these same histories have been used by Tian et al. (2011) to construct a 1910-year-long locust index 436 
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through which precipitation and temperature variations can be inferred. The History of Natural Disasters and Agriculture in 437 

Each Dynasty of China, published by the Chinese Academy of Social Science (1988), includes details of disasters such as 438 

famines to reconstruct indices of climate variability during the imperial era. 439 

 440 

4. Climate indices in Africa 441 

4.1. Origins of documentary-based indices in Africa 442 

Compared to the wealth of documentary evidence available for Europe and China, there are relatively few collections of 443 

written materials through which to explore the historical climatology of Africa (Nash and Hannaford, 2020). The bulk of 444 

written evidence stems from the late 18th century onwards, with a proliferation of materials for the 19th century following 445 

the expansion of European missionary and other colonial activity.  446 

Most historical rainfall reconstructions for Africa use evidence from one or more source type. A small number of studies are 447 

based exclusively upon early instrumental meteorological data. Of these, some (e.g. the continent-wide analysis by 448 

Nicholson et al., 2018) combine early rain gauge data with more systematically collected precipitation data from the 19th to 449 

21st centuries, to produce quantitative time series. Others, such as Hannaford et al. (2015) for southeast Africa, use data 450 

digitised from shipsô logbooks to generate quantitative regional rainfall chronologies. Most climate reconstructions, 451 

however, make use of narrative accounts to develop relative rainfall chronologies based on ordinal indices, either for the 452 

whole continent or for specific regions.  453 

While drawing upon European traditions and sharing many similar elements, methodologies for climate index development 454 

in Africa have evolved largely in isolation from approaches in Europe (see section 8.3). The earliest work by Sharon 455 

Nicholson, for example, was published around the same time that Hubert Lamb was developing his index approach 456 

(Nicholson, 1978a, 1978b, 1979, 1980). Her early methodological papers on precipitation reconstruction (Nicholson, 1979, 457 

1981, 1996) use a qualitative approach to identify broadly wetter and drier periods in African history. A seven-point index 458 

(+3 to -3) integrating narrative evidence with instrumental precipitation data was introduced in Nicholson (2001) and 459 

expanded in Nicholson et al. (2012a) and Nicholson (2018).  460 

The many regional studies in southern Africa owe their approach to the work of Coleen Vogel (Vogel, 1988, 1989), who 461 

drew on Nicholsonôs research but advocated the use of a five-point index to classify rainfall levels in the Cape region of 462 

South Africa (+2: very wet, severe floods; +1: wet, good rains; 0: seasonal rains; -1: dry, months of no rain reported; -2: very 463 

dry, severe drought). Subsequent regional studies, starting with Endfield and Nash (2002) and Nash and Endfield (2002), 464 

have adopted the same five-point approach. 465 

4.2. Precipitation indices 466 

The main continent-wide index-based series for Africa originate from research undertaken by Sharon Nicholson (e.g. 467 

Nicholson et al., 2012a). This series uses a seven-point scale and has been used to explore both temporal (Figure 5) and 468 

spatial (Figure 6) variations in historical rainfall across Africa during the 19th century. One regional rainfall reconstruction is 469 

available for West Africa (Norrgård, 2015, spanning 1750-1800 CE and using a seven-point scale ) and one for Kenya 470 

(Mutua and Runguma, 2020, spanning 1845-1976 CE with a five-point scale). The greatest numbers of regional 471 

reconstructions ï all using a five-point scale ï are available for southern Africa. These include chronologies covering all or 472 

part of the 19th century for the Kalahari (Endfield and Nash, 2002; Nash and Endfield, 2002, 2008) and Lesotho (Nash and 473 

Grab, 2010), and ï most recently ï Malawi (Nash et al., 2018) and Namibia (Grab and Zumthurm, 2018). Several 474 

reconstructions are available for South Africa, including separate 19th century series for the Western and Eastern Cape, 475 

Namaqualand and present-day KwaZulu-Natal (Vogel, 1988, 1989; Kelso and Vogel, 2007; Nash et al., 2016). Most studies, 476 
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including the continent-wide series, reconstruct rainfall at an annual level, but, where information density permits, it has 477 

been possible to construct rainfall at seasonal scales (e.g. Nash et al., 2016). Regional studies from southern Africa have 478 

recently been combined with instrumental data and other annually-resolved proxies (including sea surface temperature data 479 

derived from analyses of fossil coral) to produce two multi-proxy reconstructions of rainfall variability (Neukom et al., 480 

2014a; Nash et al., 2016). 481 

 482 

Figure 5: Seven-point "wetness" index series for 1801 to 1840 for the 90 homogenous rainfall regions of Africa indicated 483 

across the x-axis. This series is reconstructed using documentary and instrumental data, with data gaps infilled using 484 

substitution and statistical inference (see section 8.3 and Nicholson et al., 2012a). From left to right, the regions 485 

approximately extend by latitude from the northern (region 1 ï Northern Algeria/Tunisia) to southern (region 84 ï western 486 

Cape, South Africa) extremes of the continent. Anomalies in the numbering sequence are regions 85, 86, 90 (all equatorial 487 

Africa), 87 (eastern Africa) and 88, 89 (Horn of Africa). 488 

 489 

Figure 6: Rainfall anomaly patterns for 1835 and 1888 for the 90 homogenous rainfall regions of Africa delineated on the 490 

maps (modified after Nicholson et al., 2012b). 491 
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4.3. Temperature indices 492 

To date, the only study exploring temperature variations in Africa using an index approach is an annually-resolved 493 

chronology of cold season variability spanning 1833-1900 CE for the high altitude kingdom of Lesotho in southern Africa 494 

(Grab and Nash, 2010). This uses a three-point index for winter severity (normal/mild; severe; very severe) and identifies 495 

more severe and snow-rich cold seasons during the early- to mid-19th century (1833-1854) compared with the latter half of 496 

the 19th century (Figure 7). A reduction in the duration of the frost season by over 20 days during the 19th century is also 497 

identified.  498 

 499 

Figure 7: Three-point ñcold season severityò index for Lesotho and surrounding areas during the 19th century (top), with 500 

major volcanic eruptions indicated. The occurrence of snowfall events (bottom) during the same period is also shown 501 

(modified after Grab and Nash, 2010). 502 

5. Climate indices in the Americas 503 

5.1. Origins of documentary-based indices in the Americas 504 

The use of the index approach in climate reconstruction is variable across the Americas. Although sufficient historical 505 

records exist in some regions, particularly the north-eastern United States since the 18th century, few researchers have 506 

generated climate indices for the USA or Canada (White, 2018). Mexico, in contrast, has produced pioneering studies in 507 

climate history, especially on extreme droughts (see Prieto and Rojas, 2018; Prieto et al., 2019). In South America, 508 

documentary evidence is overall lower in quality and quantity compared to Europe, so more complex indices have been 509 

replaced by simpler ones, which extend to the 1500s CE.  510 

5.2. Temperature, precipitation and river-flow indices 511 

The only index-based temperature and precipitation reconstructions for the USA and Canada are those produced by William 512 

Baron and collaborators. Although influenced by the work of Pfister, Baron (1980, 1982) used a distinct content analysis of 513 

weather diaries (see section 8.4) to produce open-ended seasonal indices of New England temperature and precipitation for 514 

1620-1800 CE, a period overlapping with the first local instrumental temperature series (which began in the 1740s). He later 515 
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combined seasonal indices, early instrumental records and phenological observations to create annual temperature and 516 

precipitation series and reconstruct frost-free periods (Baron et al., 1984; Baron, 1989, 1995). 517 

There are a number of valuable compilations of extreme droughts in Mexico (e.g. Florescano, 1969; Jáuregui, 1979; 518 

Castorena et al., 1980; Endfield, 2007) and research that has identified climate trends across the country for 1450-1977 CE 519 

(Metcalfe, 1987; Garza Merodio, 2002). Garza Merodio systemised the frequency and duration of climatic anomalies in the 520 

Basin of Mexico for 1530-1869 CE. García-Acosta et al. (2003) developed an unprecedented catalogue of historic droughts 521 

in central Mexico for 1450-1900 CE. Later work compared this information with a tree-ring series and found a significant 522 

correlation between major droughts and ENSO years over the same period (Mendoza et al., 2005). Mendoza et al. (2007) 523 

constructed a similar series of droughts on the Yucatan Peninsula for the 16th to 19th centuries. Garza Merodio (2017) 524 

improved this index and extended it back in time (see Hernández and Garza Merodio, 2010), based on the frequency and 525 

complexity of rogation ceremonies (16th to 20th centuries). This approach identified droughts in bishoprics and towns of 526 

Mexico. Most recently, Dominguez-Castro et al. (2019) developed series for rainfall, temperature and other meteorological 527 

phenomena for Mexico City using information recorded in the books of Felipe de Zúñiga and Ontiveros; these volumes 528 

provide meteorological data with daily resolution for the twelve years spanning 1775 to 1786 CE.  529 

In South America, the most detailed available historical information is on the scarcity or abundance of water. For 530 

investigations into historical rainfall and river flow rates, most studies construct 5-7 classes of data with annual or seasonal 531 

resolution. For example, a number of flood series have been compiled for rivers in Argentina (Prieto et al., 1999; Herrera et 532 

al., 2011; Prieto and Rojas, 2012, 2015; Gil-Guirado et al., 2016) ï see Figure 8. In Bolivia, Gioda and Prieto (1999) and 533 

Gioda et al. (2000) developed a precipitation series for Potosí beginning in 1574 CE. In northern Chile, Ortlieb (1995) also 534 

compiled a detailed precipitation series for the 1800s CE. In Colombia, Mora Pacheco has developed a drought series for the 535 

Altiplano Cundiboyacense spanning the period 1778-1828 CE (Mora Pacheco, 2018). Finally, Dominguez-Castro et al. 536 

(2018) present a precipitation instrumental series from Quito (1891-2015 CE) and a series of wet and dry extremes from 537 

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

earliest instrumental data in the late 1800s CE (Prieto and Garc²a Herrera, 2009; Prieto and Rojas, 2018), but there are 539 

exceptions (e.g. Prieto, 1983, which covers the 17th and 18th centuries). Most temperature-related indices use three classes.  540 

Some of the worldôs most important index-based chronologies of the El Niño Southern Oscillation (ENSO) derive from the 541 

analysis of ENSO-related impacts recorded in South American documentary evidence. This area of research was pioneered 542 

by William Quinn and colleagues (Quinn et al., 1987; Quinn and Neal, 1992), with Quinnôs chronologies revised and 543 

improved by various authors using additional primary documentary sources (e.g. Ortlieb, 1994; Ortlieb, 1995, 2000; García-544 

Herrera et al., 2008).  545 
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 546 

Figure 8: Six-point index series of historical flow in the Bermejo River (northern Argentina) between 1600 and 2008 CE 547 

based on documentary evidence. These annual-level data were used to create the decadal-scale flood series in Prieto and 548 

Rojas (2015). Zero values are indicated by short orange bars. 549 

5.3. Sea-ice and snowfall indices 550 

Relatively few studies have developed indices of winter conditions for the Americas. Building on their content analysis 551 

approach and that of Astrid Ogilvie in Iceland (see section 2.6), Catchpole and Faurer (1983) and Catchpole (1995) produced 552 

open-ended annual sea-ice indices for the western and eastern Hudson Bay, spanning the period 1751-1869 CE. A different 553 

type of three-class index was developed for snowfall in the Andes at 33°S spanning 1600-1900 CE, based on the number of 554 

months per year that the main mountain pass between Argentina and Chile was closed (Prieto, 1984). 555 

 556 

6. Climate indices in Australia 557 

6.1. Origins of documentary-based indices in Australia 558 

Like Africa, Australia has a limited history of using documentary records for developing regional climate indices. Aside 559 

from early compilations of 19th century colonial documents and newspaper records (Jevons, 1859; Russell, 1877), or climate 560 

almanacs published by the Australian Bureau of Meteorology (Hunt, 1911, 1914, 1918; Watt, 1936; Warren, 1948), few 561 

attempts were made in the 20th century to use historical sources to develop climate indices. Those that were developed 562 

focussed predominantly on drought conditions (see, for example, Foley, 1957; McAfee, 1981; Nicholls, 1988). However, 563 

considerable effort has been given in recent years to reconstruct climate variability in south-eastern Australia since British 564 

colonisation in 1788 CE using both historical documents and instrumental observations (e.g. Gergis et al., 2009; Fenby, 565 

2012; Fenby and Gergis, 2013; Gergis and Ashcroft, 2013; Ashcroft et al., 2014a; Ashcroft et al., 2014b; Gergis et al., 2018; 566 

Ashcroft et al., 2019; Gergis et al., 2020). There have also been attempts to reconstruct storms and tropical cyclones along 567 

the east coast of Australia (e.g. Callaghan and Helman, 2008; Callaghan and Power, 2011, 2014; Power and Callaghan, 568 

2016), although these are not index-based.  569 

Documentary-based indices for Australia have focussed on regional rainfall histories using largely material from previously 570 

published drought and/or rainfall compilations (Fenby and Gergis, 2013). These compilations contained a vast collection of 571 

primary source material including newspaper reports, unpublished diaries and letters, almanacs, observatory reports, 19th 572 

century Australian publications and official government reports. For example, the seminal 19th century sources of Jevons 573 


