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Abstract Tree rings are the most widely-used proxy records for reconstructing Common Era temperatures.
Tree-ring records correlate strongly with temperature on an interannual basis, but studies have found
discrepancies between tree rings and climate models on longer timescales, indicating that low-frequency noise
could be prevalent in these archives. Using a large network of temperature-sensitive tree-ring records, we
partition timeseries variance into a common (i.e., “signal”) and non-climatic (i.e., “noise”) component using a
frequency-resolved signal-to-noise ratio (SNR) analysis. We find that the availability of stored resources from
prior years (i.e., biological “memory”) dampens the climate signal at high-frequencies, and that independent
noise reduces the SNR on long timescales. We also find that well-replicated, millennial-length records had the
strongest common signal across centuries. Our work suggests that low-frequency noise models are appropriate
for use in pseudoproxy experiments, and speaks to the continued value of high-quality data development as a top
priority in dendroclimatology.

Plain Language Summary Tree rings contain valuable information about past variations in Earth's
climate, but this information can be obscured by biological influences over tree-ring formation, particularly
when slow changes in climate are integrated with long biological trends. In this study, we measured the strength
of the common signal and random noise in a network of tree-ring records from across the Northern Hemisphere.
We find that the emergence of non-climatic trends decreases the similarity of nearby tree-ring records to each
other on long timescales.

1. Introduction
1.1. How Reliable Are Tree-Ring Records on Long Timescales?

Tree rings are rich paleoclimate archives that have been integral in reconstructing local to global-scale tem-
perature variations over the last two millennia (Briffa et al., 2001, 2004; Esper et al., 2015; Mann et al., 2009;
Neukom et al., 2019; PAGES, 2013; Wilson et al., 2016). On annual timescales, tree-ring records (also called
“chronologies™) calibrate well with instrumental data, making them valuable records of high-frequency climate
variations. However, the fidelity with which trees record the magnitude of medium- (decadal) and low-frequency
(centennial and greater) climate variations is less evident.

Prior studies comparing tree rings to instrumental records and models disagree on whether reconstructions
correctly represent long-term climate variability. For example, a number of reconstructions have shown that tree
rings can produce variability on very long, even up to orbital timescales (Briffa et al., 2001; Esper et al., 2012;
Klippel et al., 2020; Liicke et al., 2021; Wilson et al., 2016). However, Franke et al. (2013) found that tree-ring
chronologies contain strong “red” biases on the lowest frequencies, indicating that they overrepresent variations
on long timescales compared with instrumental and model data. Estimating the correct degree of long-term
variability from models and data is challenging due to the limited period of the instrumental record, and
because the strength of variability that should be expressed in climate models, particularly on the local scales
experienced by trees, is debated (Deser et al., 2012; Laepple et al., 2023; Maher et al., 2020).

1.2. Multi-Temporal Influences Over Tree-Ring Formation

Tree rings integrate biological and ecological influences over annual ring formation with climate signals on all
timescales (Cook, 1987; Fritts, 1976). On short (interannual) timescales, biological “memory” from prior years'
growth modifies the in-year climate signal recorded during proxy formation such that timeseries are effectively
smoothed across years (Matalas, 1962; Meko, 1981). Biological memory, caused by the carryover of stored
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Figure 1. (a) Map of PAGES tree-ring sites included in analysis. White triangles are sites that did not meet the criteria to be
included in the analysis either because they represented mixed proxy types or were too geographically isolated to be included
in a cluster of <250 km radius, with a minimum of three sites represented. Density refers to both maximum latewood density
and delta density chronologies. (b) Sample density plot showing the series length of each chronology.

resources from one year to the next, is known to lengthen the proxy response to extreme cooling events such as
volcanoes, and has been identified as one source of discrepancy between annual ring-width data and instrumental
records on short timescales (Esper et al., 2015; Liicke et al., 2019; Zhang et al., 2015; Zhu et al., 2020).

On longer (decadal and greater) timescales, a number of non-climate factors can influence tree growth. For
example, any stand-wide disturbance event that affects growth among a majority of trees within a chronology will
result in the presence of a shared trend of varying length (Cook, 1985, 1987). In addition, in the early stage of
development, juvenile trees typically create wide rings of less-dense wood as the tree devotes resources to rapid
growth, such that the early part of tree-ring chronologies are dominated by age effects (Fritts, 1976). In order to
remove these biological trends, “detrending” is a near universal step in tree-ring data development. This involves
transforming the individual, raw data against data-adaptive splin or low-pass filter functions that model the age-
dependence of tree-ring formation. Removing the age-growth trend from tree-ring records can also remove low-
frequency climate information (Cook & Kairiukstis, 1990; Cook & Peters, 1997; Cook et al., 1995), although
some methods attempt to recover or retain shared variance during detrending (Esper et al., 2003; Melvin &
Briffa, 2008, 2014a, 2014b). Despite detrending, it is likely that some non-climatic trends are propagated through
to final chronologies, especially in cases where the detrending method is intended to retain low-frequency
variability.

1.3. Estimation of Timescale-Dependent Signal-To-Noise Ratios

Here, we offer a systematic evaluation of timescale-dependent common signal-to-noise ratios in temperature
sensitive tree-ring records. This straightforward method estimates shared signal and independent noise in regional
clusters of records as a function of timescale (Miinch & Laepple, 2018). This approach avoids direct comparisons
with models or instrumental data by leveraging the regional climate signal that should be reflected in sites at close
proximity, relative to the decorrelation length of temperature variations. Our work addresses outstanding ques-
tions regarding the nature of low-frequency variability in tree-ring records for the purpose of correctly estimating
the magnitude of past temperature variations.

2. Data
2.1. Northern Hemisphere Tree-Ring Network

This study analyzes the Past Global Changes (PAGES) 2K database, a global multi-proxy network of 647 unique
temperature-sensitive paleoclimate time series, including 450 tree-ring timeseries (Figure la) (PAGES 2k
Consortium et al., 2013; PAGES 2k Consortium et al., 2017; Neukom et al., 2019). For this analysis, we used all
Northern Hemisphere records, with the greatest density of sites located in central Asia and western North America
(Figure 1a). We opted to exclude Southern Hemisphere sites because fewer sites are located there, and because
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our analysis relied on sample density. The PAGES network includes both total ring width (TRW), and tree-ring
density (TRD) records. These are mainly maximum latewood density records, with a small number of records of
delta density (i.e., the difference between early and latewood density) (Bjorklund et al., 2014; Linderholm
et al., 2015). For this study, we analyzed ring width and density records independently for comparison among
proxy types. The vast majority of sites within the PAGES database were detrended with negative exponential
curves, although Arctic and European sites were detrended using regional curve standardization (PAGES 2k
Consortium et al., 2013; PAGES 2k Consortium et al., 2017).

In addition, we used a more extensive version of the PAGES North America (NAm2k) database (n = 290) that
was used to develop the global database. The NAm2k database contains additional chronologies, some of which
were not included in final the global database, with versions of each chronology detrended in six different ways
(Figure S1 in Supporting Information S1). The expanded database also includes additional metadata, such as the
number of individual tree cores contributing to the chronology at each timestep. We exploited this more extensive
set of records to look at the relationship between within-chronology replication and the effects of detrending on
SNR (Figure S1 in Supporting Information S1).

3. Methods
3.1. Spatial Clustering of Sites for Signal-To-Noise Ratio Estimation

Our method relies on the assumption that all sites within a cluster experienced the same variations in climate. The
spatial decorrelation length of Northern Hemisphere temperatures is roughly 1,000-3,000-km on an interannual
basis (Hansen & Lebedeff, 1987; North et al., 2011), so we defined a conservative radius of 250-km such that the
furthest distance any two sites could be apart was 500 km. We implemented a clustering method based on a
Euclidian distance matrix organized such that a single site could be present in multiple clusters. Clusters were
filtered to contain at minimum three sites per cluster in order to optimize between cluster size and the density of
sites per cluster. While defining a larger cluster size would result in a greater replication, it also risks shifting some
climate related variance into the noise fraction as the climate becomes less coherent at large spatial scales. The
spatial clustering scheme resulted in 253 clusters globally: 18 clusters of TRD sites and 235 clusters of TRW sites.
We additionally analyzed a subset of clusters where every chronology represented in the cluster was over
800 years in length, in order to determine the effects of chronology length. Only eight tree-ring width clusters met
this criterion.

The vast majority (421 out of 450) records in the PAGES database were included in our analysis and the same
record could appear in multiple clusters. The remainder were too spatially isolated to meet the criteria (<500 km
from at least two other sites) (Figure 1a). The average length of the overlapping period among sites in a cluster
was 451 years, and the average number of sites per cluster was eight. For the Nam2k database, 29 density clusters
and 157 tree-ring width clusters were analyzed with an average overlapping period of 348 years and an average of
nine sites per cluster.

3.2. Statistical Approach

We estimated timescale dependent signal and noise components in the spectral domain using the methodology
developed by Miinch and Laepple (2018), similar to an analysis of variance. Assuming the noise is independent
between records, but the signal is the same, the noise (V) is estimated by taking the spectra of all series averaged
in the time domain (Cp), which contains the shared signal (Sy) but with reduced noise as a result of averaging. This
noise term is then subtracted it from the mean of all individual spectra (M), an estimate which should contain both
the signal and full noise:

N
Spectra of mean time series : Cy = S, + mid
n

Mean ofall spectra : My = S; + Ny

The greater the replication in the stack, the more the noise is reduced. Thus, the noise term is estimated as:
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The common signal is then the difference between mean of all spectra and the noise term:
In which case, the SNR is the ratio of the signal and noise:

Sy
SNR; = L
Ny

These estimates were averaged together across clusters to evaluate how well both proxies perform at retaining
shared climate signal on all timescales. All spectra were computed using the multi-taper spectral estimate, and
spectral slopes (f3) were calculated as the linear relationship between frequency and power on a log-log scale to
describe the shape of the spectrum (Thomson, 1982). We note here that our signal-to-noise ratio estimation is
based on chronology variance as in Fisher et al. (1985) rather than standard deviation, which has been used in
some studies (Mann et al., 2007; Smeardon, 2012; Zhu et al., 2023). This is because power spectral density is
expressed in variance per frequency unit, and is thus more common in signal processing (Jenkins &
Priestley, 1957).

Confidence limits were calculated for our estimates using parametric bootstrapping (Nelson, 2008). Stochastic
timeseries were simulated such as to have power-law scaling spectra with the same variance () and spectral slope
() as the original tree-ring data, with the same mean length and number of series per cluster, effectively pre-
serving the structure of the analysis. One thousand iterations were run over each cluster. Signal, noise and SNR
were calculated for each iteration (set of simulated data) and confidence limits were estimated as the 10th and 90th
percentiles across iterations (Text S1 in Supporting Information S1). Spectral estimates were truncated at 1/100-
year timescales due to the drop in sample density after that time period. Multi-centennial timescales were only
achieved in the longest TRW records, which were analyzed separately.

We compared the raw and corrected signal spectral estimates to instrumental data to determine how well tree rings
reproduce the shape of the power spectra represented in observational temperature records. We used the infilled
version of the HadCRUTS 5 X 5° temperature anomaly data set calculated on a 1961-1990 reference baseline for
the 1850-2020 period (Morice et al., 2021). HadCRUT grid cells were extracted nearest to each point, removing
duplicate records where multiple tree-ring sites shared the same pixel. Individual spectra were calculated for all
instrumental time series, and averaged to get a the mean spectra of temperature. Confidence intervals were
calculated assuming 10 degrees of freedom as a conservative estimate of the number of independent spatial
climate modes at these timescales (Kunz & Laepple, 2024).

To investigate the effect of biological memory, we estimated the smoothing filter that would be required to adjust
the corrected tree-ring spectra to match the slope of the HadCRUT spectrum. To do this we assumed a negative
exponential filter in the time domain acting only on past values (past but not future climate can affect this year's
growth). Using the HadCRUT spectra as the reference, we fitted the negative exponential filter to the ratio of the
tree ring to climate spectra by adjusting the timescale of the filter. This estimated how much additional smoothing
would be required to adjust the tree-ring data to match the spectral properties of the HadCRUT data. This yielded
an estimate of the effect of any given year of growth on subsequent years. We did this for the uncorrected (“raw”)
spectrum and the corrected version for both TRD and TRW.

We also estimated the Partial Autocorrelation Function (PACF) of the HadCRUT, raw and corrected tree-ring
spectra. We did this by creating simulated timeseries with the same spectral properties and then use these sim-
ulations to estimate the PACF of tree rings and climate data at lagged years 1-4. One hundred simulated
timeseries were calculated for each tree-ring proxy type, for raw, corrected and HadCRUT and the average first-
through forth-order mean PACF were calculated from this sample.
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Figure 2. Left panels—Comparison of uncorrected proxy, common climate signal, and noise spectra for (a) density, (c) tree-
ring width and (e) tree-ring width exceeding 800 years in length. Right panels—Signal-to-noise ratio estimates for

(b) density, (d) tree-ring width, and (f) tree-ring width series exceeding 800 years in length. Confidence intervals represent
the 10th and the 90th percentiles from the parametric bootstrapping estimation. Note that the confidence intervals in subplots
(c) and (d) have confidence intervals very close to the line due to the high level of replication.

4. Results

4.1. Timescale Dependent Signal, Noise and SNR Spectral Estimates

Our result showed that the power-spectra of both TRW and TRD records, for the signal and noise spectra have
spectral slopes (f3) between 0.5 and 1 (Figure 2). The /3 of the noise spectrum for TRW was 0.83 for all records
(Figure 2c), and 5 = 0.70 for the longest TRW records (Figure 2e). For TRD records, the spectrum of the noise had
a f3 of 0.58 (Figure 2a).

We found that the SNR for both proxy types was highest on interannual timescales and declined into the multi-
decadal (Figures 2b, 2d, and 2f). TRD had nearly double the SNR as TRW on all timescales. For all TRW records,
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Figure 3. Relationship between mean number of cores per chronology contained in each cluster, and the resulting signal-to-
noise ratio of the cluster, binned by frequency and fitted with linear regression lines with one standard error indicated by the
shaded region.

the SNR was at slightly above one at two-to-five years, and declined to 0.5 after around 8 years, and then was
relatively flat. TRD maintained an SNR of two until around 10 years and then maintained around an SNR of one
into multidecadal timescales. There was a slight increase in TRD SNR around 30 years, possibly due to the
stronger expression of variability at those locations and timescales (Figure 2b). The longest TRW records (all with
records of at least 800 years), behaved more similarly to TRD with an SNR of two until around 20 years, and then
a ratio of one into multi-centennial timescales (Figure 2f).

4.2. Chronology Sample Density and SNR

We found a positive relationship between the average number of cores per chronology and SNR (Figure 3). This
relationship was stronger for TRD than TRW records (TRD had an overall higher SNR), and it was highest for
both proxy types in the interannual to decadal band (2-10 years). The strength of the effect of core number
declined with timescale along with the overall SNR for both proxy types.

4.3. Comparison of Corrected Spectra to the Instrumental Record

A comparison of spectral slopes (3) of the raw and corrected signal showed that correction brought both TRW and
TRD slopes into better alignment with that of HadCRUT (8 = 0.31). The corrected TRW and TRD spectra had /3
values of 0.53 and 0.38, respectively, down from 0.72 to 0.40 before correction, hence a larger discrepancy
remained for TRW than for TRD.

While the shape of the corrected TRD curve matched that of instrumental record across all frequencies, the TRW
spectrum showed significantly reduced variability on interannual timescales (Figure 4a). The quantification of
biological memory yielded a value of 0.13, for lagged year one, indicating a 13% dependency of any given years'
value on the previous year, decaying toward zero after three years following an exponential model (Figure 4b).
TRD exhibited far less dependency across, with only a 4% dependency after one year, decreasing to near zero at
year two. To compare our results to previous estimates of PACF in tree rings, we simulated timeseries with the
same spectral properties as the uncorrected spectrum and find that our results were consistent to prior research
(Liicke et al., 2019). After noise removal, PACF coefficients were smaller indicating that the earlier estimates
were biased by site-specific noise. However, at lag 1, PACF coefficients remained relatively larger for TRW
compared with TRD and HadCRUT, consistent with a memory effect on TRW in particular (Esper et al., 2015;
Liicke et al., 2019; Zhang et al., 2015; Zhu et al., 2020). Any differences in PACF among records decayed to
around zero after three years (Figure 4c).

5. Discussion

By analyzing clustered records within close proximity we systematically estimate timescale-dependent common
variance and independent noise without referring to model or instrumental data. By doing this we do not rely on
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Figure 4. (a) Comparison of mean “corrected” climate signal spectra from tree-ring with and density chronologies, with the
Hadley Climate Research Unit Climate time series (HadCRUT). All spectra have been scaled to have the same mean power
spectral density on 8—100 year timescales to demonstrate the spectral discrepancy in the high frequencies. (b) Estimation of
filter response function for each tree-ring spectra compared with HadCRUT data. (c) Partial autocorrelation coefficients
(PACF) measured on simulated time series generated using raw and corrected spectral estimates, for one to four year lags.

short instrumental records for long-term information, and avoid questions regarding potential low-frequency
biases in climate models (Cheung et al., 2017; Fredriksen & Rypdal, 2016; Hébert et al., 2022; Laepple &
Huybers, 2014; Laepple et al., 2023; Zhu et al., 2019). Using a simple analytical approach we show that large low-
frequency (i.e., “red”) noise is ubiquitous across dendrochronology archives, even in highly-temperature sensitive
chronologies, consistent with the findings from Franke et al. (2013). Our results indicate that tree-ring density
records contained nearly double the signal-to-noise ratio compared with tree-ring width, also unsurprising given
that density is considered the better proxy for temperature. Our findings deepen an existing understanding within
dendrochronology regarding the integration of climatic and non-climatic signals on all timescales. These results
can be used to guide new chronology development and can be applied within pseudoproxy experimentation to
accurately model the structure of proxy noise.

5.1. Sources of Proxy Noise in Tree-Ring Records on Slow and Fast Timescales

There are multiple possible sources of medium- and low-frequency noise that may affect tree-ring chronologies.
Noise may be caused by differences in site-level environmental conditions, the mixing of climatic constraints on
tree growth, or by stand-wide disturbances. For example, an extreme but local climatic event such as a major
storm, or an outbreak of a pest or pathogen that affects the majority of trees within a stand could result in a multi-
decadal recovery trend (Foster, 1988; Pederson et al., 2014; Rydval et al., 2016). It is also possible that local
climatic differences could cause independent variance at the site-level that would be mischaracterized as noise by
our method. While the PAGES database was curated to maximize temperature-sensitivity, some sites might be
limited by precipitation as well as temperature, or could be sensitive to temperature within different parts of the
growing season (St. George & Ault, 2014; Tardif et al., 2019; Zhu et al., 2020). The combination of local
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environmental and climate conditions, and ecological interactions all could create emergent trends that become
integrated with slow climate variations (Cook, 1985; Cook & Kairiukstis, 2010).

Low-frequency noise could also be an artifact of the detrending process imperfectly removing age-growth trends
or distorting the shared signal on long timescales (Cook & Peters, 1997; Helama et al., 2004; Melvin &
Briffa, 2008). The “divergence phenomenon”—the observation that the correlation strength between temperature
records and tree growth appeared to diminish after the 1980s—was posited to be a result of detrending resulting in
the distortion of growth trends, particularly at the ends of chronologies (Cook & Peters, 1997; D’ Arrigo et al.,
2008; Esper & Frank, 2009; Melvin & Briffa, 2008). This led to the introduction of several new detrending
methods, including ‘“signal-free detrending” aimed at improving the expression of common low-frequency
climate signal while avoiding trend distortion (Melvin & Briffa, 2008). In a supplementary analysis of four
different detrending techniques, we found that detrending method didn't meaningfully change the SNR (Figure S2
in Supporting Information S1). Signal-free detrending did result in a slight increase in chronology SNR at long
timescales, consistent with the results of McPartland et al. (2020), but the effect was small. That detrending didn't
make a large difference is evidence that red noise is either non-climatic, or represents site-level but not regional
climate conditions.

Having removed independent noise at high frequencies, we were able to estimate biological memory through
comparison with the instrumental record. We show both that this memory lasts on average one to two years, and is
of a magnitude consistent with the findings of other studies (Esper et al., 2015; Liicke et al., 2019; Zhang
et al., 2015). Unlike in the case of low-frequency variability, the autocorrelation structure of temperature records
can be estimated directly from instrumental data, and tree rings can be adjusted to the climate using autoregressive
modeling (Meko, 1981).

5.2. Possibilities for Recovering Low-Frequency Climate Signals From Tree Rings

We show that the fraction of shared signal drops precipitously as fewer individual trees contribute to site-level and
regional estimates. In a small subset of chronologies where all records in a given cluster reached over 800 years in
length, the SNR remained higher into multi-centennial timescales. This result speaks to the fundamental challenge
of recovering climate variations that occur over longer than the typical lifespan of a tree—a constraint known as
the “segment length curse” (Cook et al., 1995). This age-related constraint is exacerbated by the detrending
process that inevitably removes some low-frequency climate variability (Briffa et al., 1996; Cook, 1985). The
converse problem is also expected—that even as low-frequency climate information could be removed during
detrending, some influence of life history will remain in final chronologies.

Our results suggest that long chronology length and high sample replication boost the climate signal strength on
multi-centennial timescales. This is a main tenant of dendrochronology—that replication is key to improving
chronology quality (Speer, 2010). We find that SNR was positively correlated with sample density, such that
more cores extending to longer timescales resulted in a significantly stronger signal strength. This suggests that
the value of extending a chronology back in time using a single or very few records is likely small as low sample
density will result in increased noise. Such samples and sites are rare, but our results underscore that developing
millennial-length records continues to be a priority for estimating the long-term behavior of the global climate
system.

5.3. Application of Red Noise Models in Pseudoproxy Experiments

Our results address the question of how to correctly define the structure of the noise term in pseudoproxy ex-
periments and data assimilation frameworks where proxy timeseries are integrated with climate models (Dee
et al., 2017; Jones et al., 2009; Smeardon, 2012; Steiger et al., 2014). In past such experiments, a variety of
different noise models have been used ranging from blue (i.e., noise that diminishes with timescale) (Mann &
Rutherford, 2002; Mann et al., 2007), to white (i.e., no relationship to timescale) (Lee et al., 2008; Mann
et al., 2005; Von Storch et al., 2004) to red (noise that increases with timescale) (Von Storch et al., 2009; Zhu
etal., 2023). Here, we estimate the structure of proxy noise directly from the data and show that noise in tree-ring
width records resembles a power-law (slope of 0.8), and in tree-ring density records exhibit a less-steep positive
noise spectrum (slope of 0.5-0.6). We suggest that red noise models best describe the behavior of both tree-ring
width and density data. Our findings can be applied directly to the creation of tree-ring pseudoproxy timeseries,
allowing for an improved evaluation of the performance of models and reconstructions on all timescales.
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