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Abstract - The year 2025 celebrates the 1500th anniversary of the way we count years since and
before the incarnation of Christ. The BC/AD timeline is used in natural and human sciences, with
conversions to cal BP and b2k timelines, the latter two representing ages before AD 1950 and AD
2000. Though the timelines may seem established, there are more ways than one to count the calendar
years, especially “before Christ” and “before present”. If not correctly addressed, the disparities may
impair comparisons between sub-annually and annually resolved records available from tree rings
and ice cores, in addition to those from historical documents. The offsets between the timelines range
from 0.5 to 2.5 years, which may already be detrimental to determining the cause-effect relationships
of short-term events such as volcanic eruptions; however, it is possible that the errors may accumulate
if different labs and re-users of data repeat the misconceptions. For example, a tree-ring event dated
to 1627.5 BC using one timeline might be misassigned to 1626.5 BC or 1625.5 BC using other
timelines. Such confusion may arise due to a “year zero” that is missing from the historical timeline,
when the AD and BC years are replaced by positive and negative decimal numbers and when the
timelines are converted to the Cartesian coordinate system, and/or due to the timelines used for boreal
and austral growing seasons. A previously published formula to convert calendar dates to cal BP dates
should be replaced by modified formulae tailored to sub-annual dating in this paper. Similar formulae
are also provided for converting b2k ages. Developments in the Quaternary dating methods suggest
that the number of disciplines topical to this discussion is likely to increase in the near future. It is
emphasized that a clear reference to the particular timeline employed must be clarified in every single
individual geoscientific/interdisciplinary study.

Keywords: chronology, dating, Holocene Epoch, Quaternary Period, radiocarbon.

Riassunto - Una panoramica delle cronologie basate sull’anno solare utilizzate nelle scienze del
Quaternario e nella storia umana, con particolare riferimento alla datazione sub-annuale.
L’anno 2025 celebra il 1500° anniversario del sistema con cui contiamo gli anni prima e dopo

I’incarnazione di Cristo. La cronologia a.C./d.C. ¢ utilizzata nelle scienze naturali € umane, con



conversioni alle scale cal BP e b2k, che rappresentano rispettivamente eta anteriori al 1950 d.C. e al
2000 d.C. Benché queste cronologie possano sembrare assodate, esistono pitt modi per conteggiare
gli anni solari, soprattutto “prima di Cristo” e “prima del presente”. Se non affrontate correttamente,
tali discrepanze possono compromettere il confronto tra dati con risoluzione sub-annuale ¢ annuale
ottenute dagli anelli degli alberi e dalle carote di ghiaccio, oltre che dai documenti storici. Gli scarti
tra le diverse cronologie variano da 0,5 a 2,5 anni, un margine che puo gia risultare problematico per
determinare le relazioni causa—effetto di eventi di breve durata, come le eruzioni vulcaniche; € inoltre
possibile che gli errori si cumulino se diversi laboratori e riutilizzatori di dati riproducono gli stessi
fraintendimenti. Ad esempio, un evento dendrocronologico datato al 1627,5 a.C. secondo una
cronologia potrebbe essere erroneamente assegnato al 1626,5 a.C. o al 1625,5 a.C. usando altre scale
temporali. Questa confusione pud emergere a causa dell’assenza dell’“anno zero” nella cronologia
storica, quando gli anni d.C. e a.C. vengono sostituiti da numeri decimali positivi e negativi e quando
le cronologie sono convertite in un sistema di coordinate cartesiane e/o in relazione all’uso di
cronologie basate sulle stagioni di crescita boreali o australi. Una formula precedentemente pubblicata
per convertire le date del calendario in date cal BP dovrebbe essere sostituita da formule modificate,
adattate alla datazione sub-annuale, presentate in questo articolo. Sono inoltre fornite formule
analoghe per convertire le eta b2k. Gli sviluppi nei metodi di datazione del Quaternario suggeriscono
che il numero di discipline coinvolte in questa discussione ¢ destinato ad aumentare nel prossimo
futuro. Si sottolinea la necessita di chiarire esplicitamente, in ogni singolo studio geoscientifico o
interdisciplinare, la specifica cronologia di riferimento adottata.

Parole chiave: cronologia, datazione, Olocene, Quaternario, radiocarbonio.

“All time measurements are performed

with respect to some reference datum”

Holden et al. (2011)

A brief history of our calendric time

Ideally, we would be able to count years since the beginning of the Hadean. This is far from reality,
and the years must be numbered from some intermediate event. The timeline we are using today was
created by a Scythian monk Dionysius Exiguus who, exactly 1500 years ago, decided on the
incarnation of Christ to start our Anno Domini era. In so doing, he dated the first year of our Lord
(AD 1) to year 754 ab urbe condita, that is since the foundation of Rome (Declercq, 2002). This
meant that the work of Dionysius Exiguus was accomplished in AD 525, but it was not until AD 731

when Bede, the Anglo-Saxon historian, introduced the years before the supernatural event, and not



until the 17% century that the actual phrase Before Christ (BC) first appeared in literature (Lambe,
2024). Today, the timeline Dionysius Exiguus initiated is taken for granted and used universally by
laymen and researchers as almost the only imaginable way to count calendar years. Yet, the timeline
itself has its variants that started to emerge as early as it was employed to illustrate dates prior to the
AD calendar.

The way the counting of years has changed can be understood if we compare the numeral systems
which we use today to those the ancient chronographers had in their use. First, the number zero was
unknown to them, for which reason the BC/AD timeline contains no “year zero”. Second, negative
numbers were not yet in use, and that is why the AD and BC years increase in opposite directions as
they are both described by positive numbers. However, these conventions started to slowly blur over
the centuries. Two astronomers are commonly named for initiating this process. Johannes Kepler
(1571-1630) is cited for adding a year before AD 1, which he called “Christi”, and Jacques Cassini
(1677-1756) for introducing the actual number zero in that purpose in his deep-time calendar. As a
result, two alternative systems to count the ancient years had been created: one where AD 1 is
preceded by 1 BC and one with the year zero (Stange, 2024). In contemporary science the two
timelines can be distinguished by calling the one with year zero as astronomical BC and that without
zero as historical BC (Reimer et al., 2020). After the days of Kepler and Cassini, the astronomers
have also replaced the BC years with negative numbers altogether, in which system the year zero is
preceded by a year minus one (-1). It follows that the absolute values of historical and astronomical
BC years are offset by one year. Astronomers nevertheless primarily adhere to the latter system as it
uses the ordinary rules and notation of arithmetic (Wilkins, 2000). A newcomer to this discussion is
the ISO 8601 standard (Lund, 1999) whereby the years before the year [0000] are marked with the
leading minus sign, akin to astronomical BC years.

In addition to changes in numeral systems, the ongoing move to rebrand the BC and AD notations as
Before Common Era (BCE) and Common Era (CE) should not go unnoticed in this context (Lambe,
2024). Generally, the BC/AD timeline may be regarded as scientifically arbitrary (e.g. Gould, 2011),
but the rebranding does not change the ways the calendar years are counted, nor does it solve the
temporal offsets between the historical and astronomical BC years. In fact, the BC/AD dates are
exactly synonymous to BCE/CE. Hence, the original BC/AD notations are used for historical
authenticity and consistency throughout this study. The BC and AD notations were also preferred by
the International Union of Geological Sciences in their recommendations to sort out the use of time
units and notations in earth sciences (Rose, 2007; Griin, 2008). In what follows the dates with BC

and AD notations refer invariably to the timeline with no year zero.



Scientific and historical timelines

In light of the above, it is perhaps no wonder that the BC/AD timeline has puzzled generations of
academia. The trouble is demonstrated by accounts that from time to time appear even in scientific
journals (e.g. Flickinger, 1931; Winger, 1936; Emiliani, 1995; Kukla, 1995). Compared to earlier
decades, however, the problem of the year zero is ever-increasingly becoming relevant to Quaternary
science where the annual dating accuracy of new millennia-long proxy records is proliferating.
Among annually resolved geoscientific records (Noller et al., 2000; Walker, 2005) relevant to this
discussion, tree-ring series are routinely dated to exact calendar years using dendrochronological
cross-dating techniques (Fritts, 1976; Baillie, 1995; Speer, 2010). Dating accuracy of ice core
chronologies, originally based on layer counting, has also been recently much improved by
constraining their timescales by pairwise comparisons between volcanic aerosol anomalies in ice
layers and historical volcanic dust veil observations, between those aerosols and records of growing
season temperature anomalies reconstructed from tree-ring data, '’Be anomalies in ice and those of
14C in tree rings indicating ancient solar proton events, and between ice core tephra evidence and
dates of known volcanic eruptions (Sigl et al., 2015; Sinnl et al., 2022). Topical to this review,
rigorously produced ice core chronologies show an estimated overall uncertainty of 1 to 2 years
during antiquity (McConnell ef al., 2020), which is almost comparable to tree-ring dating accuracy
of 1 year.

Moreover, sub-annually sampled tree-ring and ice core records demonstrate that maintaining the
chronological accuracy between the datasets is of utmost importance for reporting historical, tree-
ring and ice core dates as well as for analysing and storing the sub-annually resolved data (Yang et
al., 2014, 2021; Friedrich et al., 2020; Fahrni et al., 2020; McConnell et al., 2020; Pearson et al.,
2018, 2020, 2022; Sakurai ef al., 2020; Miyake ef al., 2021; Brehm et al., 2022; Sano et al., 2023;
Maczkowski et al., 2024; Regev et al., 2024). The literature cited above shows that this inter-
disciplinary theme holds importance for production of single-year tree-ring and isotope/radiocarbon
records and characterising rapid excursions in '*C as indications of solar proton events on seasonal to
multi-year scales. The theme is likewise important for assessing ancient societal responses to changes
in reconstructed environment, such as explosive volcanic eruptions, of which occurrence and
magnitude have been inferred from ice core data, and of which climatic and societal impacts can be
reconstructed from tree-ring and historical records.

The need for consistent annually resolved timelines has also been emphasised by the radiometric
dating community. Reimer et al. (2020) referred to considerable confusion — caused by mixed use of

timelines, those with and without year zero — in different laboratories and by different software



packages when building the IntCal20 radiocarbon age calibration curve for '*C dating. The
observation made in their paper presented by more than 40 authors and a similar number of research
institutes demonstrates that the year zero remains an issue that may impair — if not correctly addressed
— the exchange of samples and data between laboratories, research teams and individual actors in
Quaternary science. In the same context it is important to recall that the samples and data that are
correctly dated in the first place may still become incorrectly placed on a timeline if it differs from
that used to originally date the materials, which again calls for consistent use of nomenclature and
numeral systems to avoid the trouble Reimer et al. (2020) highlighted.

Apart from the BC/AD dates (Fig. 1A), the radiometric dating naturally comes with an additional
timeline based on years that are counted Before Present (BP), running counterclockwise to an
assumed direction of time flow. Compared to the BC/AD timeline, the count of the BP years starts
without hesitation from the zero year. The “present”, represented by 0 BP, is set to AD 1950 as a six-
decades-old decision agreed upon by the Fifth Radiocarbon Dating Conference meeting at Cambridge
(Godwin, 1962). While this decision may be obvious to most Quaternary scientists, it may
nevertheless remain surprisingly unclear, as van der Plicht and Hogg (2006), Wolff (2007) and Duller
(2011) have noted, to which datum the “present” occasionally refers to, particularly when the BP or
“before present” notations are used outside of its original (1#C) scope, in the case of uranium-thorium
or luminescence dating, for example. As for the latter, luminescence dates are presented in years from
the year of measurement (Bateman, 2015), but ages reported in years before AD 2017 or 2020, as an
example, may still be provided with “before present” or “yr BP” notations (Stavi et al., 2021;
Martinez et al., 2023). As Wolff (2007) maintained: “[The] use of BP for anything except
uncalibrated radiocarbon has become ambiguous and can be misinterpreted.” Most readers of
Quaternary literature have probably faced the same problem and can agree with this remark. As
recommended by the International Union of Geological Sciences, this datum should be understood
precisely as AD 1950.0 (Holden et al., 2011).

Fortunately, the relationships between the cal BP and BC/AD timelines can be solved using frequently
cited formulae (Stuiver & Pearson, 1993):

cal BP = 1950 — cal AD (1)

and

cal BP = 1949 + cal BC )



Putting aside the challenges to calibrate radiocarbon ages, it follows (Eq. 1) that AD 1949 equals 1
cal BP and (Eq. 1) that 1950 cal BP equals 1 BC (Eq. 2) (see Fig. 1B). As the calendric conversion
shows, the BP timeline of '“C ages does not include the year zero at the BC/AD boundary. Following
this definition, the expressions cal AD and cal BC (Eq. 1 and 2) stand for calibrated or calendar years
AD and BC (van der Plicht & Hogg 2006) and can be understood to thus encompass not only
radiometric ages calibrated to calendar years but dendrochronological, ice core and historical dates
discussed in this paper. More recently, the increasing use of annual and even sub-annual samples and
data in *C studies has resulted in more sophisticated nomenclature. In order to account for the lag in
boreal and austral growing seasons, annual wood samples from northern and southern hemispheres
are reported relative to AD 1950.5 and AD 1951.0, respectively (Bronk Ramsey et al., 2024).

Yet, the most recent geoscientific timeline (b2k) counts time backwards from AD 2000 (Rasmussen
et al., 2006) or more precisely from AD 2000.0 (Holden ef al., 2011). Since its original appearance,
the use of b2k ages has spread from ice core research (Rasmussen et al., 2006) to a wider range of
geosciences, including the rock-time divisions of the Geologic Time Scale (Walker et al., 2018;
Gibbard and Head, 2020). It is essential that, in keeping with cal BP timeline, conversions from b2k
ages to BC dates are carried out without the year zero between 1 BC and AD 1 (Rasmussen ef al.,
2022, 2023) (see Fig. 1C). This means that the cal BP and b2k timelines are fully comparable over
the BC/AD boundary with no offsets. Hence, the foregoing formula (Stuiver & Pearson, 1993) can

be modified to express the relationship between the two systems as follows:

b2k =50 + cal BP 3)

Moreover, the b2k ages can be converted to calendar years using the formulae:

b2k = 2000 — cal AD 4)
and
b2k = 1999 + cal BC (5)

The equations 1 and 2 have stood against time for over three decades, but it should be noted that they
are not to be used to resolve sub-annual dates for which purpose they have not been designed. The
same restriction now holds for the equations 3-5. The case of sub-annually resolved dates and ages

are outlined in the next section.



Ordinal vs. decimal numbers

The desideratum for improved dating precision has led to increased reporting of decimally expressed
sub-annual dates and ages. This development has its ramifications also for the conversions between
the timelines that may be more complicated than it would first appear. First, the year of writing this
article (AD 2025) is the 2025™ since the BC/AD boundary (literally the 2025 year of our Lord), but
2025.0 years since that boundary will not have elapsed until the end of 31 December 2025, for the
era is counted from the start of 1 January AD 1. An event taking place at noon 2 July AD 2025 could
be called an AD 2025.5 event, although it occurred 2024.5 years since the BC/AD boundary. Simply,
the calendar year AD 2025 represents the period between 2024.0 and 2025.0 years since the boundary,
that is between the dates AD 2025.0 and AD 2026.0, thus the mid-point of that year is AD 2025.5.
The same holds for all other calendar dates'.

The setting becomes more complex, however, when the dates at both sides of the BC/AD boundary
are discussed, which may be controversial even among geoscientist (Emiliani, 1995; Kukla, 1995;
Randall 2000; Veronis, 2000a, 2000b). The examination of the dates may start from the mid-point of
AD 1, which is AD 1.5 (Emiliani, 1995) (see Fig. 1A). This date is reached when 0.5 years (6 months)
have passed since the BC/AD boundary, whereas the moment when 1.5 years have passed since that
boundary is dated to AD 2.5. Likewise, the calendar year immediately predating AD 1 1s 1 BC. It
follows, however, that the moment that took place 1.0 years before AD 1.5 is 1.5 BC. The latter is
the mid-point of 1 BC, that is the mid-point of the period between the dates 1.0 BC and AD 1.0 (not
between 2.0 BC and 1.0 BC, as these dates bracket the calendar year 2 BC). This means that while an
event that occurred 1.0 years before the BC/AD boundary is dated to 1.0 BC, an event taking place
1.0 years after that boundary is dated to AD 2.0. This is logical since the interval from 1 Jan 1 BC to
31 December AD 1 lasts 2.0 years. Thus, the interval between the noon of 2 July 1 BC and noon of 2
July AD 1 lasts 1.0 years, which shows that the difference between AD 1.5 and 1.5 BC is one year in
length (Fig. 1A), not two or three years (Emiliani, 1993, 1995).

Second, the dates cited above demonstrate the way the BC and AD years originally refer to their
ordinal numbers in the timeline (Winger, 1936), each integral number designating an entire calendar
year. Sub-annual date, however, corresponds to an instant of time that can be expressed as a floating-
point number, a whole number with a decimal point, for which either the BC/AD boundary, the
“present”, or AD 2000.0 mark the point of origin, depending on the timeline. The decimally expressed
years are of special importance for post-bomb dates (Hua et al., 2013) and calibration (Reimer et al.,
2004) and for reporting sub-annually dated tree-ring materials and data with reference to the timing

of wood formation (Hua et al., 2012; Uusitalo et al., 2018; Sakurai et al., 2020), as well as for ice

"In this study, the presentation of sub-annual dates does not account for the effect of leap years.



core records expressing the dates of aerosol deposition from deep-core ice layers (McConnell ef al.,
2020). As the AD dates and BP/b2k ages are counted in opposite directions the mid-point of AD 1 is
a decimal number AD 1.5, whereas the mid-point of 1999 b2k is 1998.5 cal BP (Fig. 1C). For BP
ages the situation is more complex, depending on the point of origin (AD 1950.0, AD 1950.5 or AD
1951.0), in which cases AD 1.5 may correspond to 1948.5 cal BP, 1949.0 cal BP or 1949.5 cal BP
(Fig. 1B). These differences are of importance for analyses of well-dated very high-resolution records
from natural and historical archives.

Third, the conversions between the sub-annual BC dates and cal BP ages can be attained using a

modified formula:

cal BP =t — cal BC + [cal BC]| + |cal BC| -2 (6)

where “t” is the point of origin (1950.0, 1950.5 or 1951.0), and [cal BC] and |cal BC| denote the
ceiling and flooring functions, respectively, that return the least integer greater than the decimally
expressed year and the greatest integer less than the decimally expressed year. One may need to
convert 1.5 BC to cal BP age, as an example, in which case [1.5] =2 and |1.5] = 1. For example, a
date of an annual tree-ring sample representing boreal growing season, 1.5 BC, can be equally
expressed as 1950.0 cal BP (present = AD 1950.5), which can be calculated from the foregoing
formula (Eq. 6) as follows: 1950.5 — 1.5 + [1.5] +|1.5] =2 =1950.5 - 1.5+ [2] + 1] — 2 = 1950.0).
Similar adjustment needs to be done for Eq. 5 to convert sub-annual BC dates to b2k ages, in which
case t =2000.0. It is important to note that the new formula (Eq. 6) ought to be used only for decimally

expressed years.

Calendric timelines vs. Cartesian coordinates

In addition to decimal numbers, there is also a need to consider the change taking place when BC
dates are converted to negative numbers. It is generally accepted that adding the year zero between
BC 1 and AD 1 and expressing BC years simply with the leading minus sign (Fig. 1D) will result in
a sequence of calendar years fully compatible with arithmetic and computers. Indeed, this conversion
greatly helps plotting, producing matrices and data storage. In so doing, the timeseries follow the
ordinary rules and notation of arithmetic, the issue of the missing year zero is indeed removed, and
the BC and AD years increase in same direction on the abscissa. Such timelines may also be justified
as they comply with the ISO 8601 standard, that comes with an option to present ancient calendar

dates. For example, the ISO 8601 standard (International Organization for Standardization, 2004)



states that the twelfth of April in the second year before the year [0000] is expressed as -00020412
(see Fig. 1E for comparisons over the BC/AD boundary).

In the context of negative numbers, however, the calendar years are no longer presented as ordinals,
a change that may go unnoticed when the dates are presented as integral numbers only (Winger,
1936). The change introduced by the conversion becomes more obvious when dates and ages are
expressed decimally. In this way the timeline becomes consistent with the Cartesian coordinate
system as the instants of time can be expressed as negative and positive floating-point numbers on
the abscissa.

On such temporal BC/AD-like axis, it is the zero-point (not year zero) that marks the point of origin,
and there are two zero years, expressed decimally on both sides of that point (Fig. 1F). These changes
naturally affect the calculations and interpretations of the dates, as the direction of decimally
expressed fractions over the BC years are switched. That is, the limit of -1.999... is -2 but the limit
of 1.999... BC is AD 1 (Emiliani, 1995). While 1.25 BC refers to 2 April 1 BC, its conversion to a
decimal number can lead into positions at either side of the zero-point, at -0.75 or 0.25 on the temporal
axis, depending on the preferred place of the zero-point (1BC/AD1 or 2BC/1BC). The most logical
option for the zero-point is at the BC/AD boundary (Winger, 1936) (see Fig. 1F), which results in
one-year offset between the timelines over the AD era (as discussed above); for example AD 1.5
translates into a position at 0.5 on the temporal axis and AD 2025.5 (2 July 2025) is found at 2024.5
on the abscissa.

Placing the zero-point at 2BC/1BC would harmonise the yearly intervals over the AD era, but this
choice results in an offset that can be two years over the BC era (Bronk Ramsey, 2009) (see Fig. 1G),
which needs to be approached with extra caution. Considering that BC years and negatively numbered
years increase in opposite directions, the misunderstanding can be even larger. It seems obvious that
the option for the zero-point at the BC/AD boundary (Fig. 1F) might create less confusion. If the
zero-point is placed at 2BC/1BC, a temporal position at 0.25 on the abscissa corresponds to a moment
0.75 years before the BC/AD transition, which is 1.25 BC, whereas a coordinate position at -0.25
refers to 2.75 BC. Consequently, the offset between the timelines A, F and G can vary between 0.5
and 2.5 years.

Examples from published studies

Apart from theoretical aspects, the use of timelines is exemplified below using high-resolution data
from previously published interdisciplinary studies (McConnell ef al., 2020; Sakurai et al., 2020).
The purpose of this section is to provide practical examples of how the different timelines (Fig. 1)

affect the ways the data can be visualised and comprehended.



As the first example, Sakurai et al. (2020) analysed '*C concentrations in tree rings of Japanese cedar
for the period 669—633 BC to characterise extreme solar proton event signals around 660 BC.
Earlywood and latewood portions of each ring were treated separately. The authors found rapid
increase in '*C within 665-663.5 BC. According to Sakurai et al. (2020), each of their earlywood and
latewood specific A'*C value is positioned at 1 June and 1 September, respectively, which represent
temporal positions 0.417 and 0.668 years since the beginning of 1 Jan. Here, the AC values are
displayed as a function of both AD and BC years (Fig. 2). The AD timeline is presented on the
Cartesian x-axis relative to the BC/AD boundary (Timeline F in Fig. 1) and thus with negatively
numbered years. BC years are given as ordinal numbers and therefore using Timeline A in Fig. 1.

In another example, McConnell ef al. (2020) constructed volcanic fallout records from Greenland ice
cores (NGRIP2 and GISP2) and compared them with reconstructed summer temperatures from
European tree-ring chronologies representing the land region 35°-70° N/10°W—40° E (Luterbacher
et al., 2016). They showed that one of the largest volcanic eruptions of the past 2500 years occurred
in early 43 BC, which they linked with evidence that the summers 43 BC and 42 BC could be among
the coldest during the recent millennia in the northern hemisphere. These conditions probably lead to
crop failures, famine and disease, exacerbating social unrest throughout the Mediterranean region.
McConnell et al. (2020) stated that the year with strongest anomalies (43 BC) corresponded to “the
period between 1,991 and 1,992 y before 1950 (ybp)”. Here, the summer temperatures (Fig. 3A) and
sub-annually dated ice core data (Fig. 3B) were plotted as a function of BC years (Timeline A in Fig.
1) and cal BP years (not present in Fig. 1) on the Cartesian x-axis with the zero-point at AD 1950.0.
The reconstructed summer temperatures represent June through August season (Luterbacher et al.,
2016). Here, each temperature estimate was accordingly positioned 0.625 years since the beginning
of 1 Jan. McConnell et al. (2020) dated the strongest volcanic peak to a temporal position of 42.708
years before the BC/AD boundary (i.e. 43.292 BC ~ February 43 BC) — this volcanic fallout signal

thus predating the temperature anomaly recorded in the summer of that same year.

Discussion and Conclusions

How we carry out the conversions between the timelines is critically important for chronological
assessments and discussions of the dates and ages of high-resolution Quaternary data. As discussed
throughout this paper, the issue of the year zero may be confusing for those not familiar with the
history of the timelines. A recent contribution to the discussion suggested that the zero year should
be included, not excluded, from the BC/AD timeline, in the case of tree-ring and interdisciplinary
studies (Biintgen & Oppenheimer, 2020). However, such a solution can hardly be a unifying

approach. Encouraging the use of different calendar year timelines in different sub-disciplines runs



counter to the fact that until today the year zero has been traditionally excluded from the BC/AD
timeline (perhaps with the exception of astronomers) — this approach being maintained in a high
number of studies. It could be suggested that the best strategy to avoid confusion is to raise awareness
of the potential misuse of the timelines. This paper aims to fill this gap.

Even so, the issue of the year zero signifies but one potential aberration. Replacing the BC and AD
dates by negative and positive decimal numbers and expressing them on the Cartesian coordinate
system, represents a potential offset between the timelines that range from 0.5 to 2.5 years.
Considering the zero-point of BP timelines either as AD 1950.0, AD 1950.5 or AD 1951.0, adds 1.0
years to the length of the potential misassignment, if all the information is not correctly addressed
when converting between the timelines. The worst-case scenario could lead to the cumulation of
errors, if different labs and re-users of data repeat the misconceptions of timelines. The issues
identified in the present paper highlight the pitfalls which need to be considered with caution when
citing the dates representing different types of timelines.

This paper focussed on tree-ring, ice core and historical data as source of information about past
Quaternary environments. Other types of records that may in the near future become more topical to
this discussion include annually laminated sediments and sclerochronological archives (Noller ef al.,
2000; Walker, 2005). Apart from ice cores, sedimentary timescales can be constrained by
tephrochronology that may help produce late Holocene sequences of annually laminated lacustrine
sediments to be dated to exact calendar years (Larsen et al., 2011; Kalliokoski et al., 2023). In addition
to dendrochronology, the cross-dating is also used for dating sclerochronological materials and
producing chronologies from annual shell growth increments that are dated to exact calendar years
and extending over the late Holocene intervals (Butler et al., 2013; Reynolds et al., 2017). These
developments will open up new opportunities for Quaternary geochronologies, and also increase the
need for consistent use of timelines to allow such data to be processed across the disciplines.
Generally, it is insufficient to hope that authors from various backgrounds from history to physics,
from geology to theology, will intuitively grasp the timelines and dating systems in a consistent
manner when there is more than one way to count the years. With these regards, it cannot be
emphasised enough that clear reference to the particular timeline employed must be clarified in every
single individual geoscientific or interdisciplinary study. Ambiguity and misunderstandings may be
avoided if simple guidelines, which can be expressed in the form of a checklist below, are followed:
» Always specify whether BC (or BCE) dates use the historical (no year zero) or astronomical
(includes year zero) timelines.

* When using the BP or “before present” notations, explicitly state the datum (e.g., "BP relative to

AD 1950.5", “present = AD 1951.0”, “ages are in years before AD 2020”).



* When using decimally expressed sub-annual dates and ages, also define the point of origin
accordingly (e.g., "AD 1950.5" or “AD 2000.0”).

* When plotting on a Cartesian axis, indicate the location of the zero-point.

This information is included in the timelines presented in Figure 1 and much ambiguity could be
eliminated by simply citing the timelines. Moreover, the provided framework for conversions from
one timeline to another (Fig. 1; Eq. 1-6) can help mitigate the confusion that may otherwise surround

the high-resolution Quaternary studies.
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Fig. 1 — A comparison of timelines and notations. a) Calendric dates as ordinal numbers, each integral number
designating an entire calendar year, with associated decimally expressed sub-annual dates. b) Before Present
(BP) age as integral numbers relative to AD 1950 and with associated decimally expressed sub-annual ages,
where 0.0 cal BP equals either AD 1950.0 (Holden et al., 2011), AD 1950.5 (IntCal Northern Hemisphere
(NH)), or AD 1951.0 (Intcal Southern Hemisphere (SH)). ¢) Before AD 2000 (b2k) ages as integral numbers
and with associated decimally expressed sub-annual ages relative to AD 2000.0. d) Calendar years as negative
and positive numbers relative to AD (and CE) timescale, following Schulman (1956). e) Calendar dates using
the ISO 8601 standard. f) Dates plotted as floating-point numbers on Cartesian coordinates where the zero-
point is placed at 1IBC/ADI1 (that is the BC/AD boundary). g) Same as F but the zero-point is placed at
2BC/1BC. The BC/AD boundary is marked with a downward arrow. BP ages refer to cal BP timeline. /
Confronto tra cronologie e notazioni. a) Date calendariali come numeri ordinali, in cui ciascun numero intero
designa un intero anno del calendario, con associate date sub-annuali espresse in forma decimale. b) Eta Before
Present (BP) come numeri interi riferiti al 1950 d.C., con eta sub-annuali espresse in formato decimale; 0,0
cal BP corrisponde infatti a 1950,0 d.C. (Holden et al., 2011), 1950,5 d.C. (IntCal Northern Emisphere (NH))
oppure 1951,0 d.C. (IntCal Southern Emisphere (SH)). ¢) Eta Before AD 2000 (b2k) come numeri interi, con
eta sub-annuali espresse in formato decimale rispetto al 2000,0 d.C. d) Anni del calendario espressi come
numeri negativi e positivi rispetto alla scala temporale d.C. (e C.E.), secondo Schulman (1956). e) Date
calendariali secondo lo standard ISO 8601. f) Date rappresentate come numeri in virgola mobile su coordinate
cartesiane, con il punto zero posto a 1 a.C./1 d.C. (ossia il limite a.C./d.C.). g) Come in f), ma con il punto zero
postoa 2 a.C./1 a.C. Il limite a.C./d.C. ¢ indicato con una freccia rivolta verso il basso. Le eta BP si riferiscono
alla cronologia cal BP.

]
—

1

6. +.75

05 + .50
G/ 4 .25

05"+ .50
=)
5z + .25
05" + .50

G2 + .25
G¢ +.75

O 4

Gl .75
S3LVYNIQHO0D
NYISILHVYD



0]
o
!

10

A'C (%0)
o
o
| |}_.H|_‘
e
D
i q_ﬂ_
44'_8__‘}
RS
E |
s S
®
=!
O
o
L1
-

" 660s 650s = 640s  630s
BC

2 8- % d 0
<] i 0O
0 - # o0 EW
. ; e LW
-4 - 1
T T T T T
-665 -664 -663 -662 -661 -660 -659

AD
Fig. 2 — A sub-annually sampled “C archive from tree rings of Japanese cedar Cryptomeria japonica (Thunb.
ex L.f.) D.Don. Earlywood (EW) and latewood (LW) *C concentrations of each annual ring are presented a)
for 669-633 BC period and b) detailed for 665-660 BC period. The BC and AD years represent the timelines
A and F, respectively (see Fig. 1). The *C data originate from Sakurai et al. (2020). / Un archivio di 14C
campionato con risoluzione sub-annuale dagli anelli di crescita di cedro giapponese Cryptomeria japonica
(Thunb. ex L.f.) D.Don. Le concentrazioni di 14C del legno precoce (EW) e del legno tardivo (LW) di ciascun
anello annuale sono presentate: a) per il periodo 669—633 a.C., e b) in dettaglio per il periodo 665-660 a.C..
Gli anni a.C. e d.C. rappresentano rispettivamente le cronologie A e F (vedi Fig. 1). I dati del 14C provengono

da Sakurai et al. (2020).
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Fig. 3 — Tree-ring and ice core evidence. a) Reconstructed European summer (June-August) temperatures
(thick line) inferred from tree-ring data (Luterbacher et al., 2016) with associated 95% uncertainty range
outlined by dashed lines. b) Ice core (NGRIP2) records of volcanic fallout indicated by sub-annually measured
size-resolved insoluble particle concentrations, shown separately for large (5-10 um) and medium (2.5-5 um)
particles. The BC years represent the timeline A (see Fig. 1). The cal BP years are presented on the Cartesian
x-axis relative to AD 1950.0. The tree-ring and ice core data originate from Luterbacher et al. (2016) and
McConnell et al. (2020). / Evidenze da anelli di accrescimento degli alberi e carote di ghiaccio. a) Temperature
estive europee (giugno—agosto) ricostruite (linea spessa) sulla base dei dati dendrocronologici (Luterbacher et
al., 2016), con I’intervallo di incertezza al 95% indicato dalle linee tratteggiate. b) Registrazioni di una carota
di ghiaccio (NGRIP2) del fallout vulcanico, evidenziate tramite concentrazioni sub-annuali di particelle
insolubili, misurate per classi dimensionali e presentate separatamente per particelle grandi (5—10 pm) e medie
(2,5-5 um). Gli anni a.C. rappresentano la cronologia A (vedi Fig. 1). Gli anni cal BP sono riportati sull’asse
cartesiano delle x rispetto al 1950,0 d.C.. I dati dendrocronologici e delle carote di ghiaccio provengono da
Luterbacher et al. (2016) e McConnell et al. (2020).



