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day temperature scale for Northern Hemisphere summer (June through August)
variability over the past two thousand years, against which the recent variability

in the observed record was evaluated. The proxy data verified successfully against
temperature variability defined by grid boxes extending the tree-ring sites by plus/
minus 10 degrees latitudinally and longitudinally (but not over wider spatial scales)
over the 1921-2010 period. Summer 2024 was the warmest in the instrumental
record, 2.8 °C above the preindustrial 1850-1900 reconstruction mean. In
comparison, the warmest and coldest reconstructed summers in AD 246 and AD 536
were, respectively, 1.5 °C and 5.5 °C colder than the 2024 warmth. This means that
the full range of natural climate variability was 4.0 °C, which was increased to 5.5 °C
by 21st century warming. Temporal pattern of the warmest and coldest preindustrial
1-year temperature events reflected the long-term climatic swings previously
described in paleoclimate literature through the Roman Warm Period, AD 536/540s
event, Mediaeval Warm Period and Little Ice Age. Despite the improvements in the
data processing, the reconstruction still contains considerable uncertainties. A future
aim should be to develop denser tree-ring networks to fully cover the extra-tropical
Northern Hemisphere land temperature grid boxes for an improved evaluation of the
preindustrial and 21st century climatic events, for which purpose the Roman Warm
Period appears an interesting, yet largely unexplored, climatic feature.

1 Introduction

The surface of our planet has warmed markedly over the past years and decades. The pri-
mary evidence for this change is formed by instrumental air and sea surface temperature
records [1-7]. Among these records, land surface air temperature data show global scale
warming by 1.7 °C from 1861 to 1900 by the end of the 2010s [8]. Similarly, temperature
trends for the periods 1979-2019, 1951-2019, 1900-2019 and 1850-2019 were esti-
mated to be 0.296, 0.219, 0.119 and 0.081 °C per decade, respectively [9]. More recently,
the global temperature series show 2023 as the warmest year on record [10], while even
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slightly warmer sea surface temperatures were recorded in 2024 [11]. Moreover, regional
data indicate that summer 2025 was the hottest on record at least in some parts of the
Northern Hemisphere [12]. These estimates among others portray highest temperatures
in recent years and trends that have become more progressive over the recent past, with
increased warming rate after 1990 [13]. The results are of particular importance in the
context of the 2015 Paris Agreement that pursues efforts to limit global warming to 1.5
°C from preindustrial temperature levels [14].

Although the longest gridded land temperature records are available since 1753 [5],
similarity among the temperature records created by different research groups increases
from 1873, that is, after the guidelines for instrumental observations were internation-
ally standardised [15]. In fact, the instrumental temperatures are typically reported on
global and hemispheric scales since 1850, before which date temperature estimates are
commonly based on proxy (indirect) records sensitive to climatic variations. The proxy
data comprise physical, chemical and biological archives such as ice cores, sediments,
speleothems, pollen and other microfossils, plant and other macrofossils, tree rings, cor-
als and other calcareous organisms [16]. These non-instrumental observations can be
transformed into the scale of instrumental data and presented in the form of quantitative
paleoclimate reconstructions and as such compared with the estimates of recent climatic
events, essentially those arisen from the 20th and 21st century temperature trends.

Recent proxy studies have focussed on high-resolution late Holocene records. As
an example, geochemical paleothermometer from sclerosponge carbonate skeletons
showed nearly constant preindustrial ocean temperatures from 1700 until the early
1860s, increase in temperatures until the late 20th century, and global warming 1.7 +
0.1 °C above pre-industrial levels by 2020 [17]. A tree-ring based approach placed the
21st century Northern Hemisphere warming in the context of a 2000-year temperature
history to provide the current warming a long-term preindustrial context [18]. While
the originally published results showed 2023 summer temperatures exceeding the 95%
confidence range of natural climate variability by more than 0.5 °C, re-evaluation of the
analyses [19] led to a corrigendum suggesting that summer of 2023 exceeded this range
of natural climate variability by 0.39 °C. The results were obtained by a comparison
between the observed (2023) and reconstructed (AD 246) June-August temperatures.
Later, Rantanen et al. [20] used a similar tree-ring approach to show that summer 2024
was very likely the warmest in 2000 years in northern Fennoscandia.

The main aim of this study is to employ a previously compiled community ensemble
reconstruction (CER) [21] for demonstrating annually resolved proxy-based North-
ern Hemisphere summer (June through August) temperature variability over the past
two thousand years, for placing the 21st century warm events on precisely estimated
temperature scale of this era, and showcasing the importance of rigorous calibration/
verification process the reconstruction must undergo prior to any paleoclimatic inter-
pretations. A previous analysis of the same tree-ring dataset [18] terminated for the
summer of 2023, for which the current study provides an update. Another reason for the
present study stems from the fact that the transformation of CER data was previously
carried out over the 1901-2010 period, excluding the 19th century part of the instru-
mental temperature record [5] as faulty, suggestively due to a lack of station records in
remote regions and an exposure bias in early temperature observations [18]. However,
it has been shown that at least the exposure bias has likely affected the instrumental
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Table 1 Characterization of tree-ring proxy data

N Tree species Latitude Longitude Last year
1 PIUAL 37-41°N 114-120°W 2009
2 PIVAI 35°N 111°wW 2002
3 PCMA 53-54°N 70-72°W 2016
4 PIEAB, LAXDE 46-47°N 11-13°E 2016
5 PIUSI 67-69°N 18-21°E 2010
6 LAXSI 67-70°N 69-72°E 2015
7 LAXGM 71-73°N 85-95°E 2011
8 LAXSI 49-50°N 85-90° E 2017
9 LAXKA 66-71°N 110-150°E 2016

Tree-ring records from nine sites around northern hemisphere are described by running number (N; from west to east),
tree species referred to by their EPPO codes (EPPO code system, http://eppt.eppo.org/), latitude, longitude, and the most
recent calendar year (Last year). See Ref [21]. for more detail information

Fig. 1 Tree-ring sites (triangles) from the extra-tropical Northern Hemisphere constituting the community en-
semble reconstruction. Regions with continuous and dashed contours refer to grid boxes around the sites plus/
minus 10 and 20 degrees latitudinally and longitudinally

observations not only during the 19th century but also in the first 20th-century decades
[21-23]. This hypothesis that so far remains unexplored for this tree-ring dataset is ana-
lysed in the present paper. On these grounds, it is hypothesised that the inclusion of
temperature data from the early 20th-century decades may deflate the proxy-based tem-
perature reconstructions and therefore critically impair the comparisons of preindustrial
and instrumental temperature estimates.

1.1 Climatic data

Dataset of community ensemble reconstruction (CER) [21] is formed by tree-ring
records from nine sites around the Northern Hemisphere. All these records cover the
past two thousand years i.e. Anno Domini/Common Era. Taxonomically, the data rep-
resent pine (Pinus longaeva, P. artistata, P. sylvestris and P. cembra), spruce (Picea mari-
ana) and larch (Larix decidua, L. sibirica, L. gmelinii and L. cajanderi) species (Table
1). The data originate from three sites in North America, two sites in Europe, and three
sites in northern Siberia, one of them representing inner Eurasia (Fig. 1). These North-
ern Hemispheric sites represent high-latitude and altitude conditions where tree growth
remains sensitive to summer temperature [24-26]. Importantly, this relationship is a
prerequisite to reconstruct temperature histories from annual values of tree-ring chro-
nologies. This dataset of 10,437 tree-ring width series were previously analysed by fifteen
expert groups of dendrochronologists, working independently, with a goal to produce
large-scale Northern Hemisphere temperature reconstruction. Their work included site
and series selection, correction for biological age trends in raw tree-ring width data,
and the climate calibration procedure to transform the proxy data into temperature
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estimates. These data and analyses have been detailed in a previous paper [21]. That
study also calculated the mean of the fifteen individual ensemble members to produce
the Common Era temperature reconstruction, which is the timeseries (AD 1-2010)
examined in this study.

The Berkeley Earth June-August (JJA) instrumental land temperature record was used
for comparisons with CER data. The Berkeley Earth dataset [5] is based on a mathemati-
cal framework to produce large-scale averages of temperature changes from instrumen-
tally observed data. Temperature values are interpolated to the selected locations on the
Earth using the statistical method known as Kriging, which allows inclusion of short
and discontinuous temperature records to increase the amount of available data. This
dataset was used since the gridded temperature product was available until the sum-
mer 2025 when the analyses were run. Moreover, the use of this temperature product
made new results fully comparable with earlier studies using the same set of instrumen-
tal and proxy data [18, 21]. That is, the Berkeley Earth land temperature record 30—90°
was recently employed as a target data for a JJA temperature reconstruction [18]. First,
the same instrumental timeseries was adopted for comparisons with CER and referred
to hereafter as NH-JJA. Second, regionally more limited records of Northern Hemi-
sphere temperatures were calculated as (i) the mean of the nine sampling sites, referred
to hereafter as NHS-JJA, (ii) the mean of land temperature grid boxes, each of the boxes
extending the sampling sites plus/minus 10 degrees latitudinally and longitudinally
(NH10-JJA), and as (iii) the mean of land temperature grid boxes, each of the boxes
extending the sampling sites plus/minus 20 degrees latitudinally and longitudinally
(NH20-JJA). In practice, the number of boxes was reduced to eight, due to proximity of
the two westernmost sites (see Fig. 1). The spatially more limited temperature estimates
were produced and compared with CER data due to the fact that tree growth is primarily
controlled by their local climate conditions, rather than those recorded on hemispheric
scales. While the climate around the CER sites may reflect the large-scale temperature
variability to some extent, the correlations of trends and other temperature patterns are
possibly decreasing over such extended spatial scales. In this study, this effect was evalu-
ated by comparing CER data with instrumental temperature records of varying spatial
scales, ranging from local to hemispheric (see below).

1.2 New temperature reconstructions

CER data were calibrated to Berkeley Earth land temperature record. To do so, the mean
and variance of CER data were adjusted (scaled) to equal that of the instrumental record.
To prove the validity of the results, the reconstructed temperature estimates need to be
compared with instrumental temperature values withheld from calibration. The valida-
tion was carried out using cross calibration/verification exercise [27]. The instrumental
period under investigation was divided into early calibration/late verification and late
calibration/early verification subperiods. Coefficient of determination (R?) was used as
the calibration statistic and the squared coefficient of (Pearson) correlation (r?), reduc-
tion of error (RE) and coefficient of efficiency (CE) as verification statistics. RE and CE
statistics have been presented by Fritts [28] and Briffa et al. [29] and have since then
been routinely used in dendroclimatic studies where climate variability is being recon-
structed from tree-ring proxy data. The RE and CE are determined as
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where 7 is the number of years over the verification period, x; and Z; are the instrumen-
tal and reconstructed temperature in year i, and the z. and z,are the means of instru-
mental temperature data over the calibration and verification period, respectively. In
comparison, CE is more rigorous than RE, for which reason CE obtains lower values
than RE, except when the instrumental data have identical means over the calibration
and verification periods, in which case RE are CE will result in identical scores. Mini-
mum standards for valid verification statistics are RE>0 and CE>0 [28, 29].

In this study, the calibration and verification statistics were at first calculated over the
1901-1955 and 1956-2010 subperiods. To do so, CER data were first calibrated using
NH-JJA record over the early (1901-1955) subperiod, and the data withheld from cali-
bration were used to verify the reconstruction skill over the late (1956—2010) subperiod.
Second, the cross calibration/verification exercise [27] was continued by calibrating the
CER data using the same instrumental temperature record over the late (1956-2010)
subperiod and verifying the resulting temperature estimates against the instrumental
values over the early (1901-1955) subperiod.

Previously, the earliest part of the instrumental record (1850—1900) was left out from
the calibration due to problems arising when comparing the instrumental and CER
records of the same interval, these problems being linked with the exposure bias of early
temperature observations [18]. Indeed, the exposure bias of instrumental observations
has been acknowledged since the mid-19th century [30]. However, the year 1900 may
actually be a too early date for the avoidance of the problem, as shown by available evi-
dence from independent estimations suggesting the bias has likely affected instrumental
observations until the first 20th-century decades [22, 23]. For this reason, the calibration
(R? and verification statistics (r*, RE and CE) were also calculated using the 1921-1965
and 1966-2010 subperiods as the early and late subperiods, these calculations repre-
senting a second set of the calibration/verification exercise. The algorithms tailored [31]
to execute the procedures elaborated by Ebisuzaki [32], to estimate p values for R* and
1%, were exploited.

Third, in seek for an appropriate statistical model, CER data were also calibrated and
verified against instrumental data representing the temperature conditions around the
tree-ring sites. For this purpose, the calibration and verification statistics were also cal-
culated using NHS-JJA, NH10-JJA and NH20-JA records.

1.3 Temperature uncertainty range

Confidence interval around the reconstructed temperature was determined by a boot-
strapping technique, following previous research efforts for tree-ring data [33]. The
upper and lower bounds of the 95% range were quantified for the temperature recon-
structions using bootstrapping with 10,000 replicates. The individual ensemble members
comprising CER data were randomly sampled (with replacement) to estimate annual
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means mimicking the replication of the original CER data that vary between nine and
fifteen between 1 and 2010 CE.

The mean and variance of the surrogate records (#=10,000) produced by bootstrap-
ping were each adjusted to equal that of instrumental data. The upper and lower bounds
of the 95% range were adopted as the 2.5th and 97.5th percentiles of the surrogate
records. Subsequently, the reliability of the surrogate records, from which the upper
and lower bounds of the 95% range were computed, was evaluated, using the methods
detailed above. The calibration (R?) and verification statistics (r?, RE and CE) were calcu-
lated over the subperiods.

2 Results
2.1 Calibration and verification
Scaling CER to NH-JJA temperature data indicated no reconstruction skill over the early
subperiod (1901-1955). Over this interval, both RE and CE statistics resulted in strongly
negative outcomes (Fig. 2a). These outcomes result from an offset between NH-JJA and
CER records over the early 20th century, i.e. between the instrumental and proxy evi-
dence, until ~1920 (Fig. 2e). Further investigation of the issue showed that CER data
did not verify successfully against NH-JJA temperatures even when the pre-1920s data
were left out from the calibration/verification exercise. That is, the reconstruction still
displayed negative verification outcomes over the 1921-1965 subperiod (Fig. 2e). These
outcomes suggest that CER data may not be fully representative of the large-scale tem-
perature variations represented by NH-JJA record (i.e. north of 30°N).

Further exploration of the spatial representativeness suggests that CER data
may indeed better correspond to temperature variability around the tree-ring sites
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Fig. 2 Verification of reconstructions. Verification statistics resulting from scaling CER against the instrumental
land temperature records (June through August; JJA) for temperatures averaged over the 30-90°N region (NH-JJA)
(a), temperatures averaged over the tree-ring sites (NHS-JJA) (see Table 1 for coordinates) (b), and over the grid
boxes around the sites plus/minus 10 degrees (NH10-JJA) (c) and 20 degrees (NH20-JJA) latitudinally and longitudi-
nally (d). The Reduction of Error (RE) and Coefficient of Efficiency (CE) statistics were calculated for early period from
scaling over late period, and vice versa. For NH10-JJA, the boxes with dashed contours indicate positive RE and
CE outcomes for scaling against the mean JJA instrumental land temperature record of NH10 areas used as target
variable building the temperature reconstruction of this study (c). CER scaled against NH-JJA (e) and NH10-JJA data
(f), separately over the early and late halves of the instrumental periods as discussed in the text. The 1901-1920
period discussed in the text is highlighted with yellow shading
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(Fig. 2b—d). When the early 20th century is left out from calibration/verification tri-
als, CER data showed positive verification statistics (1921-2010) when scaled against
NHS-JJA (Fig. 2b) or NH10-JJA records (Fig. 2c), but not over larger areas (NH20-JJA)
(Fig. 2d). That scaling CER data to temperature grid boxes wider than plus/minus 10
degrees around the tree-ring sites did not show invariably positive verification outcomes
is logical since the extended area is reaching spatial scales of NH-JJA data (see Fig. 1).
Indeed, Pearson correlation between NH-JJA and NH20-JJA was r=0.97 over this period
(1921-2010), whereas NH-JJA and NH10-JJA correlated with r=0.88.

Guided by the positive verification statistics, new temperature reconstruction was
obtained by scaling CER data to instrumental NH10-JJA (1921-2010) temperatures. The
calibration and verification statistics of the reconstruction are detailed in Table 2. Here-
after, the NH10-JJA reconstruction was used to provide the current warming a preindus-
trial context of past climate variability.

Additional details on the reconstruction skill were obtained by bootstrapped CER data
(n=10,000) showing R* and r? between 0.72 and 0.25 against NH10-JJA record (Fig. 3a,
b). Moreover, late verification (1966—-2010) showed RE to vary between 0.74 and 0.41
and CE between 0.70 and 0.32 (Fig. 3¢, d), whereas RE from early verification (1921—
1965) ranged from 0.78 to 0.58 and CE from 0.47 to 0.01 (Fig. 3e, f). All these outcomes
fulfil the RE>0 and CE >0 criteria, which further reinforces the credibility of the new

reconstruction.

2.2 New temperature reconstruction

Highest summer temperatures were observed during the 21st century, the summers
2023 and 2024 being the two warmest on record (Figs. 4 and 5a). Temperatures 2 °C
above the preindustrial 1850-1900 reconstruction mean have been recorded since
2012, after which date similarly high temperatures had occurred ten times. Moreover,
the same level has been exceeded continuously every year since 2018. In the context of
the two-thousand-year-long proxy-based reconstruction, ten warmest summers had all
occurred since 1994, over which years the temperatures have remained 1.5 °C above the
preindustrial 1850-1900 reconstruction mean (Table 3a). In comparison, the warmest
preindustrial summer was recorded in AD 246 with temperature 1.3 °C above the 1850—

1900 reconstruction mean (Table 3b).

Table 2 Calibration and verification statistics for new June—August (JJA) northern hemispheric
temperature reconstruction

Dependent data NH10-JJA
Independent data CER
Calibration period 1921-1965 1966-2010 1921-2010
Verification period 1966-2010 1921-1965
R? 0429 0629 0.585
(0.0020) (<0.0001) (<0.0001)
r? 0.629 0429
(<0.0001) (0.0020)
RE 0.680 0.205
CE 0.590 0.103

The Berkeley Earth instrumental land temperature data averaged over grid boxes extending the sampling sites plus/minus
10 degrees latitudinally and longitudinally (see Fig. 1) were explained over the 1921-2010 period using CER data. The full
calibration period is divided into early (1921-1965) and late (1966-2010) subperiods for cross-validation. The coefficient of
determination (R?) is calculated over the calibration period and squared coefficient of correlation (r?) with their p values
included in the parenthesis, and the reduction of error (RE) and coefficient of efficiency (CE) statistics over the verification
period

Page 7 of 18
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Fig. 3 Empirical probability density functions for the coefficient of determination (R’ (a) and the squared coef-
ficient of correlation () (b), the reduction of error (RE) (c, e), and coefficient of efficiency (CE) (d, f) statistics calcu-
lated over the early (1921-1965) and late (1966-2010) verification periods obtained from the bootstrapping of the
individual ensemble members

Quantifying the upper and lower bounds of the 95% range for the reconstructed
temperature data, an uncertainty of 0.90 to 1.63 °C for the JJA temperature of AD 246
was obtained (Fig. 4; Table 3b). Thus, comparison between the warmth in AD 246
and the warmest 21st century temperatures, especially those experienced in 2023 and
2024, shows that the recent warmth have exceeded the range of natural climate vari-
ability of the past 2000 years by 1.0 °C and 1.2 °C, respectively (Fig. 4), when consider-
ing the uncertainty. Similar estimates were found for the mean of the past ten summers
(2016—2025) that appeared 1.3 °C higher than the mean of the ten warmest preindustrial
summers.

The warmest and coldest reconstructed summers in AD 246 and AD 536 were, respec-
tively, 1.5 °C and 5.5 °C colder than the 2024 warmth. Thus, the range of preindustrial
temperature variability was 4.0 °C. Moreover, comparing the means of ten warmest and
ten coldest preindustrial summers resulted in temperature difference of 3.2 °C. With

these regards, the results indicated an occurrence of exceptionally warm summers

Page 8 of 18
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Fig. 4 New summer (June through August) temperature reconstruction (blue line) with bootstrapped 95% con-
fidence interval (grey lines) and JJA instrumental land temperature NH10-JJA record. Vertical dashed lines display
the warmest (246 CE) and coldest (536 CE) preindustrial summers, shown with the reconstructed temperatures (T)
with 95% confidence interval for the two events. Horizontal dashed lines display the range of ~ 1.2 °C by which the
summer 2024 warmth exceeded the natural climate variability considering the uncertainty (a). The warmest and
coldest reconstructed temperature events plotted on a time axis (see Table 3 for numerical values) revel a pattern
of long-term climatic swings through the Roman Warm Period (RWP), AD 536 event/540s (536E), Mediaeval Warm
Period (MWP) and Little Ice Age (LIA) (b). Temperatures (AT) are shown relative to the preindustrial 1850-1900
reconstruction mean. See Table S1 for annual temperature values
during the third century AD (between AD 242 and AD 282) and a cluster of extremely
cold summers in the sixth century AD (between AD 536 and AD 546). The sixth cen-
tury AD climatic event was further demonstrated by a spell of years from AD 536 to 558
when temperatures remained below the preindustrial 1850—1900 reconstruction mean
(Fig. 5b).

Focussing on the most extreme events, even a higher difference, 5.5 °C (4.7 °C consid-
ering the uncertainty), was found between the summers AD 2024 and AD 536. Clearly,
the 21st century warm events have widened the range of Northern Hemisphere summer

temperature variability by 1.5 °C.

3 Discussion
3.1 Instrumental and proxy data
CER data correlated well with Northern Hemisphere extra-tropical summer tempera-
tures but did not verify successfully against the similarly represented instrumental
records. Instead, CER data verified successfully when compared to temperature grid
boxes around the tree-ring sites (Fig. 2). This issue has several ramifications to climate
change research and climatic studies based on proxy data. Importantly, the results high-
light the irreplaceable value of verification when new climate reconstructions are being
built, especially when proxy data is utilized to place the recent climatic events in a long-
term paleoclimatic context.

Essentially, verification of climatic reconstructions should be noted to have two princi-
pal goals. First, to assess the reliability of particular statistical model and its coefficients
and, second, to express a universal property of that model so that it could be assumed

Page 9 of 18
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Fig. 5 Reconstructed summer (June through August) temperature variability (blue line) with bootstrapped 95%
confidence interval (light blue), shown here since AD 1921 (a), for AD 500-600 period (b) and AD 1575-1675
period (c). The uppermost plot (a) shows also the instrumental NH10-JJA record (green). Temperatures are shown
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Table 3 The years with the most extreme temperature events

Year (AD) AT (°C) L95 (°C) U95 (°C)
(@ 2003 2.007 1.628 2372
2006 1918 1.578 2218
2005 1.838 1.523 2.107
2007 1.728 1.376 2.059
2008 1.699 1.376 1.987
1998 1673 1.369 1.951
2001 1.642 1.355 1.934
2010 1.589 1.261 1.831
2004 1.570 1.327 1.807
1994 1.535 1.305 1.739
(b) 246 1.289 0.896 1.627
242 1.285 0.901 1.635
245 1.138 0.780 1462
282 1.047 0.579 1492
1061 1.041 0631 1.469
986 1.014 0.625 1.395
672 1.009 0.639 1.374
894 0.992 0.543 1415
674 0.941 0.552 1.329
1160 0.931 0.508 1.347
(0 536 -2.704 -3463 -1.854
545 -2.322 -2.879 -1.652
543 -2.176 -2.784 -1475
546 -2.139 -2.777 -1.446
627 -2.137 -2.931 -1.370
537 -2.033 -2.559 -1412
1602 -2.022 -2.527 -1.406
1601 -1.984 -2.336 -1.514
544 -1.971 -2.396 -1422
1642 -1.801 -2.265 -1.219

The warmest reconstructed temperatures (a) and those reconstructed over the preindustrial period (AD 1-1900) (b), and
the coldest temperatures over the full reconstruction period (AD 1-2025), described by temperature deviation (AT) from
the preindustrial 1850-1900 reconstruction mean, and the lower (L95) and upper (U95) bounds of the 95% range around
the reconstructed temperature

to apply over all periods of time [27, 34]. Recently, no verification was carried out when
CER data based on which the Northern Hemisphere extra-tropical land temperatures
(referred to here as NH-JJA) were reconstructed [18]. Had that analysis included verifi-
cation statistics, they would have informed that the scaling of CER data against NH-JJA
record is violated. Of note, a justification for skipping this analytical step was that veri-
fication had been previously [21] reported for various gridded CER-based temperature
products [18]. Even so, such data exercises refer only to the second goal of verification,
with no information about the validity of the particular statistical model used to trans-
form proxy data into climatic estimates. In keeping with this view, any bias present in the
training dataset may be unintentionally incorporated in the reconstruction [35]. This is
critically important in the context of the present study since the comparisons between
the past and 21st century warm events depend on precisely estimated temperature scale.
Shortly, verification of climatic reconstructions is a routine procedure [28-29, 34] in
testing the credibility of reconstruction models and it is difficult to imagine any mean-
ingful norm to disregard this critical step of producing paleoclimate reconstructions
from proxy data.
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The upward temperature trend recorded here for NH10-JJA record especially since
the 1990s could be viewed in the context of the Arctic amplification i.e. the warming of
the Arctic region over the recent decades, relative to lower latitudes [36—38]. According
to Rantanen et al. [39], the Arctic region (by which they referred to as 66.5°-~90°N i.e.
Arctic Circle poleward) has been warming nearly four times faster than the globe since
1979. The same authors compared the Arctic amplification ratios from observations and
climate models and found that the four-fold warming ratio they documented over 1979—
2021 was an extremely rare occasion in the climate model simulations [39]. Comparing
several types of proxy data, Miller et al. [40] evaluated the occurrence and magnitude of
Arctic amplifications under climate states both warmer and colder than present over the
past three million years. According to their estimates, the Arctic temperature change has
consistently exceeded the Northern Hemisphere average by a factor of 3—4 [40]. Their
findings have at least two ramifications relevant to the present study. First, as Miller et
al. [40] suggested, their results mean that the Arctic warming will continue to exceed
the warming of global average temperature over the 21st century. Second, it could also
be indicated that the climatic events recorded here using proxy data over the past two
thousand years possibly reflect the same phenomenon, the Arctic amplification. The
presented results of verification, indicating that CER data may not be representative of
the full extra-tropical Northern Hemisphere, point to issues relevant also to this discus-
sion. Shortly, proxy data should not be used to infer past or recent temperature varia-
tions beyond the grid boxes identified as their valid counterpart. Here, NH10-JJA record
served as an element of Northern Hemisphere temperature history mirrored by CER
data. This meant that many southern regions of the extra-tropical Old World remained
beyond the reach of the new AD 1-2025 temperature record (see Fig. 1).

Yet another issue the verification statistics revealed was the disparity between the
instrumental and CER data over the two first decades of the 20th century. Calculated
over the 1901-1920 period, the offset between the reconstruction and NH10-JJA was 0.6
°C (instrumental temperatures warmer than proxy ones, see Fig. 2f). Parallel, but slightly
smaller offsets, 0.4 °C and 0.5 °C, could be similarly calculated for the 1850-1900 and
1850-1920 periods, respectively (not shown). These estimates are of a similar magnitude
to previous assessments between the different hemispheric temperature products and
their tree ring reconstructions. A warm bias in the extra-tropical Northern Hemisphere
instrumental summer temperatures was previously demonstrated prior to ~ 1900 [15].
Later assessments [41] demonstrated tree-ring based summer temperature reconstruc-
tions to show on average 0.39 °C colder conditions from 1851 to 1900 with a range of
0.19°-0.55 °C among six records their worked with, in comparison to the extra-tropical
Northern Hemisphere instrumental land temperatures. The Berkeley Earth tempera-
ture dataset [5], used also in the present study, was previously found to show the small-
est offset between instrumental and tree-ring data, which was assumed to indicate that
additional stations included in this product could have led to cooler 19th century tem-
peratures [41]. The largest exposure biases are indeed expected in mean temperatures
and in summer [23]. Apart from problems in instrumental data, another plausible factor
behind the offset may relate to inertia of biological processes affecting the proxy data
such as tree-ring records [15]. Hypothetically, a combination of such inertia and cold-
ness of the 19th century could have led to a progressively weak growth phase, and thus

proxy-based estimations that fall below the actual level of prevailing air temperatures
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over the 1850—1900 period. Even so, the existing literature seems to put more weight
on the problems that characterize the instrumental observations [41]. What is certain is
the increase of uncertainties in both instrumental and tree-ring data when the records
are extended back in time, to the 19th century (not to mention earlier times), when the
instrumentation of meteorological stations [23, 30] and conditions to tree growth [42,
43] have both been much different to present day.

Scaling CER data over the full 20th century, without excluding the problematic early
decades of the 20th century, resulted in verification statistics that did not indicate skill
in the reconstruction (Fig. 2a—d). In this study, this bias was avoided by calibrating CER
data over the 1921-2010 period for which interval the scaling CER to NH10-JJA record
resulted in invariably positive verification statistics (Table 2; Fig. 3). Overall, it should be
borne in mind that shaping the size of the training set cannot be done without informa-
tion from independent sources. It should, nonetheless, be carried out instead of pro-
cessing noisy data as otherwise the proxy-based estimates are invariably biased [35, 44].
Specific to instrumental data with expose bias, calibrating proxy data against such data
will unavoidably yield to deflated proxy-based temperature variance. This is logical since
the exposure bias is expected to diminish the variance of instrumental data in relation to
proxy values (Fig. 2f). Excluding the early decades of the 20th century, over which period
the exposure bias has been independently described [22, 23], on the other hand, resulted
in precisely estimated temperature scale, at least insofar as could be indicated from the
verification statistics. Collectively, these considerations demonstrate the ways the proce-
dures used here to build the new reconstruction are expected to benefit the proxy-based
estimations of preindustrial climate variability and, as a result, create a more reliable

long-term context for 21st century warming.

3.2 New temperature reconstruction

Magnitude of the current warming exceeded the range of past warm events that are
inferred from CER data (Figs. 4 and 5a). While the highest values recorded during the
21st century were based on instrumental data, the list of the warmest reconstructed
events was likewise shaped by summers of the past 30 years (Table 3a). Placing these
estimates into a long-term context provides ways CER data contributes to understanding
the state of our planet. That being said the NH10-JJA reconstruction represents only one
out of four seasons and is geographically limited to regions around the tree-ring sites.
It is also notable that despite the reconstruction was supported by positive verification
statistics (Fig. 2c), there were years even over the 1921-2010 period during which the
NH10-JJA and CER data did not fully agree (Fig. 2f). This means that similar instances
may have occurred in the past and, accordingly, the reconstructed events may not cover
the full spectrum of the 2000-year temperature history. Alternatively, extent of some of
the past events may be overestimated. The extent to which instrumental data may or
may not represent the weather over the sites of tree growth was addressed in the pre-
vious section. It should also be born in mind that there are several ways to transform
proxy data values into temperature estimates, but none of the methods are wholly satis-
factory [45]. To this discussion can be added a cautionary note made by Briffa et al. [46]
that though temperature may strongly affect tree growth, trees are still not thermom-
eters. Instead, the temperature limitation appears as part of a complex ecology involving
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biochemical processes that are also influenced by factors other than climate. It follows
that tree-ring data can only be climatically interpreted under simplifying assumptions
[46].

Moreover, there are several ways to compare the current warming with preindustrial
temperatures. The choice of AD 1850—1900 period as a preindustrial baseline probably
originates from Allen et al. [14] and has been intensively used thereafter. Comparing
the recent temperatures with the preindustrial 1850-1900 reconstruction mean level
avoids the expected biases in early temperature observations [18]. In the present study,
this approach demonstrates recent summer temperatures to exceed the foregoing level
by well more than 2.0 °C (Figs. 4 and 5a), this magnitude representing change between
a cold Holocene phase [47] and the current warming. A more conservative estimate
makes use of CER data over the past two thousand years. Also considering the uncer-
tainty around the reconstructed values, the summers 2023 and 2024 show warming that
appears to have exceeded the range of natural climate variability by ~ 1.0 °C and 1.2 °C.
These values are approx. three-folded compared to previous estimates relying on a very
similar comparison but using summer 2023 observations [18, 19], additional difference
being a result of elaborated calibration of proxy-data in the present study (i.e. the use of
NH10-JJA instead of NH-JJA, as detailed above).

The highest temperatures could also be compared with the events of coldest years
(Table 3c). According to CER data, the strongest cold phase occurred during the mid-
sixth century AD when temperatures dropped in AD 536 (Fig. 4; Table 3c) and remained
below the preindustrial 1850—1900 reconstruction mean until the end of AD 550s (Fig.
5b). These perturbations demonstrate the ‘AD 536/540s event’ during which the drop in
summer temperatures have been recorded in several tree-ring studies [18, 21, 48—55].
The deteriorated conditions were driven by volcanic dust veil [56—58] from large explo-
sive eruptions in (AD 535/536 and AD 539/540 [59] that strongly reduced the amount
of incoming solar radiation in the course of several post-eruption years [60]. Compared
to previous notes [18, 21], it is notable that the post-eruption event did not seem to last
longer than a few decades, in agreement with findings from several other collections of
proxy data [59, 61, 62]. Another set of cold events occurred during the 17th century AD
(Table 3c; Figs. 4b and 5¢) that belongs to the period between AD 1570 and 1900 when
extra-tropic Northern Hemisphere summer temperatures fell markedly below the late
20th century level [63], which overlaps with the Little Ice Age from about AD 1250 to
1860 [64]. Similar to the AD 536/540s event, the 17th century cold events (Table 3c)
have been previously associated with volcanic forcing [65] hence representing the char-
acteristics of the natural temperature variability opposing the current warming, which
has now extended the full range of natural summer temperature variability in the study
region from 4.0 °C to 5.5 °C. Alternatively, the current warming may be compared to its
possible late Holocene counterparts such as the ‘Mediaeval Warm Period’ [66, 67] (alter-
natively, the ‘Medieval Climate Anomaly’ [68]). With these regards, it has been thought
that the importance of characterising the climate in medieval times (AD ~ 800-1250)
is to develop greater insights into the range of past climate variability in comparison
with the modern instrumental period [69, 70]. It is as well of value to address the ques-
tion, whether the ongoing warming is unusual in such a late Holocene context [71-73].
Strong warm events coeval to the Mediaeval Warm Period were reconstructed here
between AD 894 and 1160 (Table 3b). Even so, the strength of the warmest Mediaeval
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temperature events appeared ~ 1.0 °C and ~ 1.8 °C lower than those recently recon-
structed (Table 3a) and instrumentally recorded (Fig. 5a), respectively. Moreover, these
preindustrial events are spread over an interval of two and half centuries (Fig. 4), in com-
parison to the recently observed warm summers that cluster within the past 30 years.
This, again, demonstrates the increased likelihood of extremely warm individual sum-
mers evoked by the recent upward trend in summer temperatures [20].

Even warmer preindustrial events were, however, recorded during the AD 240s and
280s (Fig. 4; Table 3b). The AD 246 summer warmth in CER data was previously related
to the ‘Roman Warm Period, as were the warm events recorded in Fennoscandian tree-
ring data between AD 21 and 50 [18, 74]. The climatic conditions characterising the
Roman times were already noted by Lamb [67, 75], by which he referred a tendency
towards warmth in Europe until about AD 400, as indicated by various kinds of docu-
mentary and proxy data. More recently, Harper and McCormick [76] supported call-
ing the period 200 BC to AD 150 the ‘Roman Climate Optimum, as this interval would
more topically overlap the phase of warm climate in the circum-Mediterranean territo-
ries. In comparison, CER data represent temperature variations over much wider spatial
domains (Fig. 1), implying that the warm events recorded here for the early centuries
of the first millennium are not limited to the Mediterranean or European territories.
Clearly, the Roman Warm Period (including the third century AD warmth) warrants
further high-resolution investigations in much widened geographical contexts. What
should be born in mind is that such evaluations and comparisons between the past and
recent warm events need to contemplate the Milankovitch forcing and thus the decrease
in summer insolation evident for CER sites’ latitudes over the past millennia [77-79]. A
concomitant cooling with a long-term trend of 0.13 °C (+ 0.01 °C) per 1000 years was
recently recorded in tree-ring data from Fennoscandia, in agreement with a circumpo-
lar dataset including various types of sedimentary proxy records sensitive to summer
temperature variations [80]. On these grounds, a change in temperature background
level corresponding to a quarter of a centigrade could be expected from Roman to recent
times, which further underlines the extent of the 20th and 21st century warm events in
the context of the past millennia.
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