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Abstract: Estimating long-term trends and short-term amplitudes requires reliable temperature
(Temp) observations in the pre-industrial period when few in situ observations existed in the Arctic.
Tree-ring materials are most available and used to reconstruct past Arctic Temp variations. However,
most previous studies incorporated materials that are insensitive to local Temp variabilities. The
derived reconstruction qualities are low (indicated by low calibration R2), and the uncertainties
inherent in the various detrending methodologies are unknown. To reconstruct Arctic (N60◦–N90◦)
summer (June–August) Temp in 1850–1900 and variations over the past centuries, we screened
1116 tree-ring width and tree-ring density records and applied four detrending functions (sf-RCS,
RCS, MOD, and spline). In total, 338–396 records show significant correlations (p < 0.05) with the
Climate Research Unit (CRU) Temp of the corresponding grid point. These records were selected and
combined into a proxy record. The achieved Arctic summer Temp reconstruction explained 45–57%
of the instrumental summer Temp variance since 1950. The 2012–2021 summer Arctic warming
amplitudes (1.42–1.74 ◦C) estimated by Temp anomaly datasets extending back to 1850 are within
the range derived from our reconstructions, despite using various detrending methods. These
findings could suggest the Berkeley and HadCRU5 datasets interpolating Temp from a few (6–73)
meteorological stations could still represent the mean Arctic Temp variation in 1850–1900, and the
updated reconstruction can be used as a reliable reference for 1550–2007 Arctic summer Temp history.

Keywords: arctic; climate change; tree ring

1. Introduction

With a warming rate two to four times the global mean, global climate change most
strongly affects the Arctic [1,2]. In addition to the greenhouse gas increase, “Arctic ampli-
fication” was attributed to positive albedo feedbacks including but not limited to snow
cover melting, Arctic Ocean ice extent reduction, snowless season lengthening, and in-
creased vegetation–atmosphere–sea ice interaction [3–6]. The rapid Arctic warming has
led to extensive environmental impacts, such as permafrost thawing, mountain glaciers
and the Greenland ice sheet melting, and more frequent boreal forest wildfires [7–9]. All
these changes are most pronounced in the summer, allowing for the additional release
of greenhouse gases and albedo decrease, which have in turn aggravated the summer
heatwaves in northern high latitudes [10,11], contributed to global warming [7,12], and
significantly affected sustainable development [13].
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Given the inherent higher warming rates over global land than the ocean and for the
high-latitude land surface than the low-latitude land surface, a certain amount of global
mean temperature (Temp) increase corresponds to much larger warming amplitudes over
the terrestrial northern pole region [13]. Understanding the Arctic’s climate history and
correctly estimating warming amplitude are crucial for predicting future climate states and
their impacts. However, these goals are difficult to achieve due to the sparse and short in
situ observations in the Arctic, especially during the early stage. The IPCC 1.5 ◦C special
report has shown that the current Arctic warming relative to 1850–1900 (defined as the
pre-industrial) is higher than 2 ◦C for the annual mean and above 3 ◦C for the winter [13].
However, only a few instrumental data exist in the Arctic during that period.

Tree-ring records are a reliable proxy of past climate variability and are widely dis-
tributed in Arctic forests. The low thermal availability of the growing season limited the
radial growth of boreal forests, making them potentially useful for reconstructing summer
temperatures. The existing Arctic Temp reconstructions exhibit low temporal resolu-
tions [14,15], are based on poor geographic coverage [14–16], incorporate proxies originally
targeting the Temp of varying seasons [16–18], or use calibrations conducted within periods
when extensive in situ observations are scarce [16,18,19]. This study collected all available
tree-ring width and density data over the entire terrestrial Arctic, covering many more
sites than previous studies. The age-related signals inherent in tree-ring measurements
were removed using four functions to estimate the method-derived errors, and only the
records showing significant correlations with local summer Temp within the corresponding
grid points were used to achieve an annual-resolved reconstruction. The calibration was
conducted in the post-1950 period when the instrumental observations are reliable, and the
reconstruction quality was shown to be higher than in previous studies.

2. Data and Methods
2.1. Temperature, Tree Ring, and Meteorological Station Information

The land surface Temp was obtained from the Climate Research Unit Timeseries
(CRU TS) 4.06 dataset [20], and a 1901–2021 monthly 0.5◦ × 0.5◦ gridded interpolation of
instrumental observations was used as the reconstruction target; monthly Temp anomaly
datasets with lower resolutions, including 1768–2021 1◦ × 1◦ land-surface Berkeley [21]
and 1850–2021 5◦ × 5◦ HadCRUT5, were obtained [22], and land surface data in the Arctic
(N60◦–N90◦) were extracted. For HadCRUT5, only the grid points covering more than 50%
of the land were used.

Tree-ring width and density measurements of 1116 sites within N60◦–N90◦ were
collected from the International Tree Ring Data Bank. The age-related growth trend was
removed using four detrending methods, including signal-free regional curve standard-
ization (sf-RCS) [23], regional curve standardization (RCS) [24], 67% spline [25], and the
modified negative exponential curve (MOD) [26], to estimate the inherent reconstruction
error. The detrended data were standardized into four tree-ring records for each site.
Conservative detrending such as spline and MOD can remove age-related and long-term
climatic signals, but they were frequently used in previous tree-ring width-based climate
reconstructions. RCS can avoid the frequency limitation of the curve fitting process. On its
basis, sf-RCS can preserve long-term climatic signals and avoids end-effect distortion [27].

More than 2000 meteorological stations in the Arctic region were collected from the
Global Historical Climatology Network Daily Database (GHCNd) [28], Environment and
Climate Change Canada [29], and All-Russia Institute of Hydrometeorological Information—
World Data Centre [28]. Detailed information on the meteorological stations includes
latitude, longitude, observation elements, and start and end year. Early-stage Temp ob-
servations are sparse and less representative in the Arctic, with only 78 stations with data
before 1900 (Figure 1). The detailed information on these stations is presented in Table S1.
The number of tree-ring sites is much larger and more widely distributed than those of the
stations in the Arctic (Figure 1).
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Figure 1. The green, blue, yellow, and purple squares show sites with tree-ring width and density
records showing significant (p < 0.05) correlations with the CRU summer Temp of the corresponding
grid point with sf-RCS, RCS, MOD, and spline detrending methods, respectively. The red and blue
circles indicate the meteorological stations with Temp between 1875 and 1900 and before 1874 in the
Arctic, respectively. The insert at the right bottom shows the number of meteorological stations from
1800 to 1900 in the Arctic.

Among the existing Arctic Temp anomaly reconstructions [14–19,30], the ones target-
ing the summer season were downloaded from the National Oceanic and Atmospheric
Administration (NOAA) paleoclimate database [14,16,19].

2.2. Reconstruction

The CRU summer (June–August, JJA) Temp records for each tree-ring width and den-
sity site were extracted from the corresponding grid point. The detrend and standardized
tree-ring width and density records showing a significant positive correlation (p < 0.05)
with the summer Temp of the corresponding grid point within the maximum overlapping
periods since 1950 (at least 30 years) are selected for reconstruction. All the chosen tree-
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ring width and density records developed by the same detrending method were Z-score
normalized and then averaged into a single Arctic Temp proxy record.

A linear regression model between the Arctic Temp proxy record and the regional
mean Arctic (N60◦–N90◦) CRU summer Temp was developed and used for the recon-
struction. The CRU Temp before 1950 was not used to ensure data and calibration
qualities because they were interpolations of distant meteorological stations. All recon-
structions were smoothed by the 30-year LOESS (locally weighted smoothing) method
to show the multi-decadal variability [31]. The 2012–2021 CRU mean values, represent-
ing the current Arctic summer Temp, were subtracted by the 1850–1900 means of CRU
reconstructions to calculate the warming amplitudes above the pre-industrial level. The
obtained results were compared with the same warming amplitudes for Berkeley and
HadCRUT5 themselves.

The reconstruction errors were calculated as follows: The Arctic CRU summer Temp
and the Arctic tree-ring record were randomly split into two halves within the calibration
period of 1950–2007. Each half was used to establish a linear calibration model and
validated with the other half, yielding 57 error values (the difference between target data
and calibration model prediction). This process was repeated 1000 times. The 2.5% and
97.5% percentiles of the total error distribution were defined as the 95% confidence interval
of the reconstruction.

3. Results

Tree-ring records showing significant correlations with the CRU summer mean Temp
of the corresponding grid point were obtained, which extended from Scandinavia to eastern
Siberia of the Eurasian Continent, and they were also found over Alaska and Northwest
Canada. No data were obtained in the tree-less regions, such as the glaciers of Northeast
Canada and the Greenland ice sheet (Figure 1). The number of chosen records was 338 for
sf-RCS, 350 for RCS, 364 for MOD, and 396 for Spline (Table S2).

Among the meteorological stations in the Arctic, there are only 6–73 with mean, maxi-
mum, or minimum Temp data within 1850–1900 (Figure 1), which are sparsely distributed
in West and Northwest Europe and Canada. Early-stage Temp observations numbered
much fewer in Siberia and Greenland.

We developed four Arctic land-surface summer Temp reconstructions spanning
1550–2007 using sf-RCS, RCS, MOD, and spline detrending methods with high calibration
qualities (indicated by R2), which explained the 55%, 57%, 52%, and 45% variabilities of
the CRU data during 1950–2007, respectively (all p < 0.001, Figure 2a–d), with the 95%
confidence intervals of ±0.63 ◦C, ±0.59 ◦C, ±0.64 ◦C, and ±0.69 ◦C, respectively. The
warming trends of our reconstruction are comparable with those of the CRU datasets
during 1950–2007. The warming amplitude of 2012–2021 CRU summer Temp reached
1.21 ± 0.63 ◦C, 1.26 ± 0.59 ◦C, 1.11 ± 0.64 ◦C, and 0.95 ± 0.69 ◦C above the 1850–1900
reconstruction mean (red dashed line in Figure 2a–d), respectively. The reconstructed and
instrumental summer Arctic Temp showed close coherence since the 1900s (Figure 2e).
While our reconstructions are relatively stable in the 1850s–1900s, the instrumental data
show decreasing trends (Figure 2e).

The 2012–2021 instrumental Arctic land (Berkeley and HadCRUT5) summer Temp
anomalies have warmed 1.42 and 1.74 ◦C above their pre-industrial levels, which are both
within the range of our estimations for CRU reconstructions (between 0.95 ± 0.67 and
1.26 ± 0.59 ◦C in Figure 2).
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Figure 2. (a) Instrumental (CRU TS 4.06, blue line) and reconstructed (thin black line) Arctic summer
Temp using sf-RCS detrending. Green shading is the 95% confidence interval. The green line is the
number of tree-ring records combined for reconstruction, and the thick black line is the 30-year LOESS
smoothing. The red dotted and thick red horizontal lines represent the mean values of the 1850–1900
reconstruction and 2012–2021 CRU summer Temp; the difference between the two values, repre-
sented by the summer Arctic warming amplitude, is denoted with transparent red bars and arrows.
(b–d) The same as a but for reconstructions using RCS, MOD, and spline detrending. (e) Summer
Temp anomalies relative to 1850–1900 for our reconstruction and instrumental Temp datasets.
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4. Conclusions and Discussion

The “Arctic amplification” phenomenon was already identified in the instrumental
data in the last decades and substantially contributed to the global warming trend [12].
However, the scarcity of early meteorological stations with poor spatial coverage has in-
evitably led to biased Temp observations in the Arctic during the pre-industrial period.
With a much larger site number and more extensive distribution (338–396 proxy records
relative to 6–73 instrumental stations), tree-ring-based Arctic Temp reconstructions are
potentially more reliable than Temp datasets in the pre-industrial period. Compared to
conservative detrending, including spline and MOD methods, the reconstructions devel-
oped by RCS and sf-RCS exhibit higher calibration quality (R2 = 0.57 and 0.55, relative to
R2 = 0.45 and 0.52) and larger warming amplitudes in 2012–2021 (1.26 ± 0.59 ◦C and
1.21±0.63 ◦C relative to 0.95 ± 0.67 ◦C and 1.11 ± 0.64 ◦C above their pre-industrial level).
Studies have shown that RCS is superior for the retention of low-frequency trends compared
to traditional detrending methods (spline and MOD) [32]. Tree-ring based reconstructions
well coincide with the instrumental datasets (Berkeley and HadCRUT5) in 1850–1970. How-
ever, since the mid-1980s, all reconstructions have shown negative anomalies compared to
the instrumental data. The possible underestimations of the reconstructions could arise
from the "divergence problem” [33] or from removing too much long-term variability
inherent in traditional detrending methods. Meanwhile, the rapid Arctic meteorological
station increase since the 1950s may explain the difference between reconstructions and
instrumental datasets as well [34].

The instrumental Arctic land (Berkeley and HadCRUT5) datasets reported warming
amplitudes (1.42 and 1.74 ◦C, respectively) in the last decade relative to pre-industrial levels.
The possible overestimation is likely due to the discrepancy of Temp in our reconstructions
and Temp anomaly datasets within 1850–1900, when extensive in situ observations did not
exist, and instrumental Temp datasets are actually interpolations of remote observations.
The bias was further aggravated by using equal-angle grids in CRU, HadCRU, and Berkeley
datasets [35]. Moreover, some early land surface Temp data were derived from sea surface
Temp, which in turn led to more biases [36]. Despite the bias, the constant temperature
increase was evident for all instrumental datasets and all reconstructions. The warming
amplitudes derived from temperature anomaly datasets (1.42 and 1.74 ◦C) are within the
range derived from our reconstructions. However, we still believe that our reconstruction
should be carefully used.

Previous Arctic summer Temp anomaly reconstructions were obtained and compared
to the anomalies of our reconstructions relative to 1850–1900 (Figure S1). Some previous
reconstructions have shown lower or higher warming amplitudes [16,19]. However, the
number of proxy records and calibration R2 is much smaller, thus resulting in much
larger reconstruction uncertainty. The resolutions of some reconstructions were 5- and
10-year [14,15], and the rest were reconstructions of Arctic land–ocean Temp [15,17,30].
With higher calibration qualities and resolutions, our updated reconstructions can be used
as a reference of past Arctic land temperature history spanning 1550–2007.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/f14020418/s1. Table S1: The meteorological stations we collected
before 1900; Table S2: The site names of tree rings used for summer Arctic temperature reconstructions;
Figure S1: Arctic summer temperature anomalies relative to 1850–1900 for previous reconstructions
and our reconstructions.
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