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Abstract. Recently it has been shown that climate estimates derived from tree rings often tend to show erroneous long-term
oscillations, i.e. there are spectral biases at low frequencies. The result is independent of parameter studied (precipitation or
temperature) or measured proxy (tree ring widths or maximum latewood densities). In order to find reasons for such
universal errors, a new reconstruction method is introduced where no age dependence of the tree rings is determined. The
aim, however, is not to generate better reconstructions but to study error variances of long-term oscillations. It is shown that
paucities and data gaps due to missing trees increase the risk for erroneous low-frequency variability. A general approximate
formula is introduced in order to estimate the presence of such a risk. A case study using Tornetrdsk data from Northern
Sweden illustrates how longer periods with missing trees cause paucities and gaps leading to erroneous climatic oscillations.
Systematic underestimation of the temperature around AD 1600 and after 1950 (“divergence”) is in the study case explained

by such data gaps and paucities.

Key words: Erroneous oscillations in climate reconstructions - Tree rings - Tornedalen temperatures - Tornetrdsk

temperatures

1 Introduction

Tree-ring chronologies, as they are used for climate reconstructions, are typically constructed by averaging measurements
from multiple trees for each year (Cook and Kairiukstis, 1990). The idea behind it is that generating a mean will cancel out
the random noise recorded by the individual trees and that the remaining variations represent the common signal, e.g.
climate. However, merging all measurements for each year is also a necessity because every year a varying subset of single
trees is available. The age structure of trees in each year is likely to change, especially further back in the past, when fewer
samples are available or in the last decades, if scientists did not sample very young trees (Fig. 1).

The single tree measurements, for climate reconstructions mostly tree-ring width (TRW) or maximum latewood
density (MXD), show an age-growth relationship, so that young trees generate wider rings than older trees. These effects are
usually removed by subtraction of an average growth function. If there are climatic trends or low-frequency variations (in
this study used for multi-decadal to centennial variability) it has been difficult to separate this variability from the growth
trend and to keep the low-frequency changes in the remaining residuals.

The dendrosciences community has been well aware of these challenges (e.g. Cook et al., 1997). They developed
methods such as regional curve standardization (RCS) to preserve low frequency variability in the age-detrending process
(e.g. Mitchell, 1967; Briffa, 1996; Esper et. al., 2003). Additionally, the response of young trees to climate may differ from
that of old trees. Also, the seasonality of signals or the sensitivity to temperature or precipitation limitation may change over
time (Esper et al., 2008).

Despite all efforts it remains uncertain if most RCS based reconstructions show the correct amount of low

frequency variability. In fact, Franke et al. (2013) succeeded in showing that many present day state-of-the-
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art reconstructions still tend to be biased in the low frequency part of the spectra. To uncover potential reasons of the bias
and to make case studies requires new approaches. In order to study the bias in more detail, we introduce a new method of
building tree-ring chronologies in this study. This method does not rely on detrending for age-growth relationships and
simultaneously allows for low-frequency error estimation.

In the following chapter, we introduce the new method theoretically. It is to point out that the aim is not produce
better temperature reconstructions. Instead, erroneous long-term oscillations and their reasons are studied. An illustrative
case study is based on the well-known tree-ring MXD data from Tornetrisk (Schweingruber et al., 1988) because this

temperature reconstruction is known to show erroneous long oscillations (Rinne et al., 2014).

2 Methods
2.1. Preliminary considerations of the computations

The measurements (e.g. maximum densities of the tree rings) are given by M(b,t), where b and ¢ are the age class of the tree
ring and the calendar year ( AD 441-1980), respectively. The age class refers to the cambial age of the ring of any tree. The
unit of b is year following the convention. Thus, if b=1, the tree ring is the first one from the pith. b=b,,,, is the highest age
class accepted into the computations. The measurements available during any calendar year ¢ are M(b, t), where i=1,2,3,..., n
and b;< b;4;. Thus the yearly measurements are ordered according to their age class and the youngest and oldest age class
are b; and b,<=b,,,,, respectively. The number of measurements (n) varies from year to year.

Width and density of the tree rings vary with the biological age of the trees. Thus, though the climate was stable, the
tree- ring measurements would change with their age. It has therefore been crucial to identify the age dependence of the tree-
ring measurements in dendrochronological studies. The principal solution to this problem has been to average the available
tree ring measurements age class by age class (Briffa, 1996). It has then been assumed that this eliminates the contribution of
the climate and that the result solely describes the age dependence of the tree rings. If that is not true, then the age
dependence found may be contaminated by the climate changes.

In this study, no age dependence of the tree rings will be determined. As a consequence the temperature estimates
are determined independently for each calendar year. The computations must for each year apply the same frame.

In the computations, it is implied that measurements for all age classes b;=1,2,3,...,b,,,, are available. Then the
climate indicator for each calendar year is constructed by averaging the measurement values. In practice this is not possible
as only a limited number of measurements (n) are yearly available. Therefore the missing values should first be interpolated
or extrapolated. The final climate indicator will be the average of the interpolated, extrapolated and measured values of the
calendar year. In practice it is not necessary to explicitly determine the interpolated or extrapolated values as shown in the
following and illustrated in Fig. 2.

Before computations, the upper limit of the age classes must be selected. Sensitivity experiments show that

bmax=270 years (Fig. 1) is a reasonable choice for our case study. All older age classes will be excluded.

3
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2.2 Explicit computation formulae

Let M; and Mj+ ] be measurements of two successive age classes bj and b;+J in the year to be studied. The missing values
between them are interpolated and then summed up from b; to bj+]. That sum is here linearly approximated by (bj+ -
bj)(Mi+Mi+1)/2 (following the trapezoidal rule, Fig. 2). The sum of all such intermediate sums divided by by-b; will give

the average of all measurements, interpolated or observed, between b and by, as follows

n-1
Mim =E(bi+l_bi)(Mi+Mi+l)/2 (1)
i=1

bn _bl

Assume for the time being that the tree ring measurements would decrease linearly with the age so that the
observations of the youngest and oldest age classes of by and by are My and My=Mx-k(by-byx), respectively, where k is a
constant. Then the mean value of those observations is (Mx+My)/2 or [Mx+Mx-k(by-bx)]/2. Suppose now that measurements
only until the age class bz<by are known. Then the oldest known measurement is Mx-k(bz-bx) and the average of all known
measurements becomes [Mx+Mx-k(bz-bx)]/2. Thus by deleting older observations bz+1 through by, the estimate of the
average will be increased by k(by-bx)-k(bz-bx)=k(by-bz). Experimenting in this way with the real data it was found that such
a deletion indeed tends to change the true average almost linearly. Accordingly, to take into account the effect of the missing
youngest and oldest age classes and to extrapolate their contribution, the average of the known measurements must be
corrected by adding Myoung=ri(bj-1) and Mold=rn(bn-bmax), respectively, where r7=0.000128 and r;=0.000170 are

determined experimentally. Note that M/ results in a negative correction. The accuracy of such corrections turned out to be

. . . 2 2 . . o .
low their variances being roughly [77(b7-1)]  and [rn(bn- bmax)] - The computations are illustrated for an individual year in
Fig. 2 for bpgx=300. The extrapolation corrections are more complicated if most of the older age classes are unknown
(bn<30) or the impact of the missing youngest age classes (b7<~20) is to be estimated. However, to avoid too complicated

formulae, in these exceptional cases the simpler formulae given will here be applied. By adding the corrections, the yearly

average of the interpolated, extrapolated and measured values becomes approximately

Mave =M +Mint+Mold (2)

young

Mint in fact presents a weighted average of the measurements available. It can be seen by reordering the terms of Mjyy as

follows
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‘(b b )M, /2
Mim - i+ [ i (3)
g bn - bl

where use of two formal additional parameters is made, namely bg=>b] and by + [=by,.

2.3 Error estimation

Assuming that the errors in the measurements in Eq. (3) (being from different trees) are independent of each other

and that their error variance is S, the error variance of the sum M;,, becomes from Eq. (3) as follows

- S*(b,, -b.,) 14
Val’;-m= i+1 1 (4)
2" 6oy

Adding error variances arising from the extrapolations, the error variance of the final average becomes

n 2 2
Var,, =’ (b -1y + ). S (122‘ - l]’;')z /4, r2(b -b_ ) )
n - Yl

=1
The variance estimate consists now of two kind of factors, those unrelated [r12, Sz, r,,z] and those related [(bl-l)z, > (bi+1-bi1)
2[2(bu-b))]% (b= byax) *] to the distribution of age classes. To equalize their dimensions, they are multiplied and divided by
Byax, Tespectively and can be rewritten as to [(Bpax 71)% 8% (Bpax 0)°1 and {[(bs-1) bpasl®s Y. (bis-bi))/[2(bw-b)]? , [(by
bmx)/bmax]z}. The latter group is now dimensionless and describes relative variance terms. They present a new kind of error
source, which depends on the age classes, i.e. only on the distribution of the measurements over the trees and years (Fig. 1).
It has been assumed that the yearly measurements do not overlap (b;<b;+;). During periods of high sample counts
there may be several trees with the same birth year (the year of the first ring). In such cases the yearly measurements overlap
(bi<=b;+;). Because the number of the trees tends to be high, the random and relative variance terms become small. From
the point of view of this study, such cases are not essential and can be omitted in the error studies.
As the structure of the tree populations normally varies slowly in time, the new relative error variance terms mainly
describe slow variations. Thus they serve as a tool for studying (erroneous) longer variations in temperature reconstructions.
In the following we study, whether they could explain the errors observed in reconstructions and uncover reasons of those

CITOrS.

2.4 A practical formula to trace data gaps and paucities
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To study the impacts of the paucities and data gaps is tedious on the basis of Eq. (5) or graphs like in Fig. 3d. The
coefficients r;, S and r, are unknown and the corresponding terms must be studied separately. In the following they are

combined by making an ad hoc assumption that »,=r,= 0.005S. Then the variance estimate can be written as follows
Va’;ve = Szvarrel (6)

where the relative, dimensionless variance term depends only on the distribution of the age classes over the trees and years

as follows

+1 _bi—l)z /2

n b
Var,, =0.7°{0.005% (b, -1)2+E( l(b o +0.005%(b, -b_ )’} (7
i=1 n 1

The additional scaling factor 0.7 is explained in the following.

If S” represents the variance of random errors of the observations and their distribution is a Gaussian one, the
variance of the average of the observations can be estimated from S*/N, where N is the number of observations. In Eq. (6) it
is represented by 1/Var .. Accordingly, 1/Var,, can thus be seen to represent the degrees of freedom (DOF). These are
shown in Fig. 3c. The scaling factor (here 0.7%) is to be selected so that DOF are as high as possible but not exceeding N.
Note, it is only necessary to know the actual distribution of the age classes (Fig. 1) to derive the DOF by approximation.
The DOF can be essentially seen as a parameter that controls the effect of the paucity and data gaps of the original data on
the final reconstruction.

The degrees of freedom, 1/Var ., are designed to work in data periods with data gaps and paucities. Their use is

especially recommended as a warning tool in such cases of missing data.

3 Tornetrisk case study

The classical record of MXD [g/cm’] from Tornetrisk consist of 65 trees grown between 441 to 1980 AD
(Schweingruber et al., 1988). The scaling from MXD to temperatures can be achieved by multiplying the MXD
measurements by 15.92 (Rinne et al., 2014). The same scaling factor will be used here. Thus, no explicit calibration against
the instrumental observations was necessary. The temperature reconstruction (hereafter b270 refers to the selection of
bax=270) is shown in Fig. 3a.

To further illustrate the performance of our reconstruction method, a comparison with instrumental observations for
the summer months (JJA) roughly after 1800 will be made. As the focus is in the erroneous long-term biases, smoothing will

be applied. The case is challenging because of a wide data gap due to the missing trees during recent years (Fig. 1).
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Klingberj and Moberg (2003) composited a series of instrumental observations made in the Tornedalen region,
some 300 km from Tornetrisk. Their construction begins with instrumental data from Overtorned (1802-1838). The
observation hours were not stated explicitly for 1826-38 and the authors had to assume them. Here we correct that
assumption by increasing their JJA temperature reconstructions by 1°C. The procedure can be interpreted as if an unknown
component in the instrumental observations had been deduced from the tree ring estimates. Nevertheless, temperatures
before ca. 1850 may still contain biases (Melvin et al., 2013; Grudd, 2008).

Our method allows to choose b,,,, optimally for each consideration. For the full period b,,,, =270 was seen to be the
optimal selection. However, for the shorter, more recent period 1802-1980 b,,,=370 seems to be better. Such a choice
makes it possible to include into the computations numerous older tree rings available during recent decades (Fig. 1). Asa
result, the systematic underestimation becomes lower (Fig. 3a).

The resulting tree-ring reconstruction is shown in Fig. 4 by adjusting its mean to the observation mean during 1850-
1950. Otherwise no calibration against observations is made. Instead, the scaling factor of 15.92, selected beforehand, is
applied. The weather variations are outside of the scope of the present work so that both curves have been smoothed (26-
years cubic splines). Note here that the geographic areas of the estimates and observations differ somewhat. Taking into
account the high number of missing younger age classes, the temperature estimate during the recent years can be seen to be

satisfactory, too.

4 Discussion
4.1 Bias of the reconstructions

In the tree-ring studies the age-growth function is in a central role. It is a problematic case if measurements deviate
significantly from the age-growth function applied, i.e. there is a tree with biased growth. In our approach the age-growth
function is by-passed. For comparison, in Fig. 3a the Tornetrisk reconstruction made in Briffa et al. (1992) using the
classical approach is shown together with the present approach using the same Tornetrésk data.

The reconstructions in Fig. 3a are astonishingly close to each other, in spite of the very different computational
methods. All cases show a (biased) quasi cycle of a wave of ca. 350 years in length. Importantly, the bias is not in the tree
ring measurements but in the temperature estimates and is due to missing trees. Melvin et al. (2013, their Fig. 4) present
several variants of the reconstructions, including those derived from the tree ring widths. All of them show a similar biased
structure as long as only the Tornetrask data is included. This is because they are all derived from the data with the same

structure (Fig. 1).

4.2. Explanation of the bias observed
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The yearly variations of the dimensionless variance terms for the Tornetrdsk case are shown in Fig. 3d. Note that
they are relative error terms and the final error variance depends on the dimensional portions (b, r1)2, (bimax r,,)2 and S°.
These include in a compressed form the error variances due to random variations in the measurements. Paucities in the tree
population or periods of missing trees (Fig. 1) cause successively data gaps in young, intermediate and old age classes
leading to variance variations in Fig. 3d. The increased variance decrease the degrees of freedom and so makes the bias more
probable, which is then seen as erroneous long-term oscillations in the reconstructions. This chain of events is in the
following discussed in detail.

To further study the connection between the relative error variances and long-term error, the bias is estimated with
the aid the temperature estimate in Esper et al. (2012). The original Tornetrésk data used in this study consist of 65 trees.
The yearly numbers of tree-ring measurements may vary strongly being sometimes very low (Fig. 3c) and never over 25.
However, when the degrees of freedom in Fig.3c are e.g. over 14, the bias nearly vanishes. In Esper et al. (2012), the
number of trees is as high as 578. Between 650 and 2000 AD the numbers of yearly measurements are only exceptionally
less than 25, normally clearly more (their Fig. 2). Accordingly, it can be expected that the degrees of freedom are high
enough so that their reconstruction can be seen to be more bias free. A more detailed evaluation could be done following our
Eq. 7 but it is beyond the scope of this study. Thus the difference between the b270 reconstruction and the one in Esper et al.
(2012) can be seen to represent approximately the temperature bias (Fig. 3b) due to the Tornetrdsk data.

Fig. 3b shows how the long-term variations in the reconstructions (Fig. 3a) are mostly erroneous. An explanation of
this bias, derived from the presented theory (Eq. 7), is given in Fig. 3¢c. Some minima and maxima of the DOF are indicated
by full and open circles, respectively. It is seen, that strong minima (maxima) of the DOF well predict following biased
(unbiased) values which are reflected in reconstructions (Fig. 3a).

To illustrate, a population change is seen in 1356 AD (Fig. 1) where the oldest age class (<270) drops suddenly
down to b=116. As a consequence, variances of the older and intermediate age classes are peaked in Fig. 3d, further lowering
strongly the DOF in Fig. 3c. This is reflected in the bias (Fig. 3b) and in the reconstruction (Fig. 3a, smoothed values in Figs.
3a and 3b naturally lag the sudden changes in Figs. 3¢ and 3d).

Correspondingly the optimal distribution of the measurements around 869 and 1500 AD (Fig. 1) is reflected in low
error variances (Fig. 3d), high number of the DOF (Fig. 3¢) and unbiased temperature estimates (Fig. 3b).

Low values of the DOF (<5) are related to extrema of the bias. High values of the DOF (>14) indicate vanishing
bias. The latter ones are seldom and therefore bias-free cases are seen only temporarily in Fig. 3b.

In Fig. 1, there is a repetitive similarity between the two longer periods with nearly continuous samples of trees (AD
1250-1500 and 1600-1800) and two periods without new trees (AD 1500-1600 and 1800-1980). The corresponding terms of
the relative variance (Eq. 5) will be discussed in the following.

The large first peaks of variance around 1356 AD (Fig. 3d) result from missing intermediate (interpolated) and
old age classes. These damp slowly out and new peaks are seen at 1600 AD. Here they are due to the intermediate

(interpolated) and young age classes. The same structure is repeated between 1600-1800 AD and 1800-1980 AD. In this way

8
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the paucities due to missing trees in the data cause alternating data gaps leading to varying behavior in temperature
reconstructions. Especially biases around 1600 and 1950 can be explained by the error terms connected to the missing
younger age classes (due to the missing trees). The latter case is known as “divergence”, a systematic underestimation of the
temperatures (Briffa et al. 1998, D’ Arrigo et al. 2008). As there is no formal difference between the cases of 1600 and 1950,
it is natural to refer to "divergence" in both cases.

In summary, the long-term biased oscillations originate from the unsuitable distribution of the measurements

over age classes and years and are independent of the reconstruction methods and the existing measurements

5 Conclusions

The presented method to estimate past temperatures from tree ring measurements is a new approach, where no age
dependence of the tree rings is estimated. The method allows to estimate systematic errors due to the uneven distribution of
the measurements caused by missing trees, i.e., by data gaps and paucities in the data. Because the structure of the tree
populations varies slowly, such errors are mainly seen as long oscillations.

In the Tornetrédsk case studied, the biased temperature oscillations were well connected to the theoretical error terms
derived. Especially the “divergence” cases (a systematic underestimation of the temperatures) around 1600 and 1950 could
be explained by the error terms connected to the paucities in the data seen as missing younger age classes.

Several Tornetrdsk studies presented in the literature, in spite of clear differences between the different approaches,
suffer similarly of paucities in the data. All of them show similar spurious low-frequency oscillations.

Franke et al. (2013) observed that the low-frequency biases can be present in studies applying maximum densities
of the tree rings as well as those studying tree ring widths. The bias can further be present both in estimates of precipitation
and temperature. The presence of the low-frequency error was independent of the methods applied or aim of the work. This
study strongly suggests that the paucities in the data are one explanation for such a general presence of the error. The
approximate method derived here to estimate the degrees of freedom can be used to trace the potential impact of such

paucities.

Data availability

The Tornetrésk tree ring data (Schweingruber et al., 1988) applied here is available at
https://www.ncdc.noaa.gov/paleo/study/4684. The Tornetrdsk temperature reconstruction in Briffa et al. (1992) is taken
from Melvin et al. (2013). The temperature reconstruction made in Esper et al. (2012) for Northern Fennoscandia is from

http://www.geo.uni-mainz.de/1358.php.
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Figure 1. The distribution of the measurements or age classes vs. calendar year in the Tornetrdsk MXD data. Years with
better (869 and 1500 AD) and worse (1365 AD) distributions of the measurements are shown. Upper limits of the age classes
(270 and 370 years) applied in the computations are indicated.
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Figure 2. An illustrative case of estimating components of the average (M) of known and unknown MXD values during
1600 AD. In this case, all age classes 1 thru 300 are included. The estimate consists of an average (M;,;) computed with the
aid of the known observations and of corrections made on it (Myeung and Mjg).
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Figure 3. The theoretical explanation of biased long-term oscillations between 500 and 1975 AD. Panel (a): Smoothed (85-
year spline) temperature reconstructions derived from Tornetrdsk MXD data 441-1980. Shown are the estimate from Briffa
et al. 1992 and the present ones both with b,,,=270 and b,,x=370. Panel (b): The smoothed (85-year spline) difference
between the present temperature estimate (by.=270) and that in Esper et al. 2012. Panel (¢): Comparison of the sample
5 count (number of observations) and degrees of freedom. Indicated are the seven and two cases of DOF<5 and DOF>14,
respectively. Panel (d): components of relative variances. Some years mentioned in the text and shown in Fig. 1 are indicated

in panels (b), (¢) and (d).
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10  Figure 4. Comparison of Tornetrdsk temperature reconstruction and Tornedalen temperature observations 1802-1977.
Reconstruction mean has been adjusted to fit the corresponding observational mean during 1850-1950 and both curves have

been smoothed.
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