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Abstract. Regression-based climate reconstructions scalel The problem of noisy predictors

one or more noisy proxy records against a (generally) short

instrumental data series. Based on that relationship, the inRandom noise in any linear system will affect the estimation
direct information is then used to estimate that particularProcess of regression coefficients that tie explanatory vari-
measure of climate back in time. A well-calibrated proxy able(s)X to the response’. Uncertainty in estimation of
record(s), if stationary in its relationship to the target, shouldY can be quantified through the variance of the error from
faithfully preserve the mean amplitude of the climatic vari- an ordinary least squares (OLS) fit, which by definition, in
able. However, it is well established in the statistical litera- this case, provides unbiased parameter estimates (thus it is
ture that traditional regression parameter estimation can lealnown as “BLUE”: best linear unbiased estimator). Errors in
to substantial amplitude attenuation if the predictors carrythe predictor(sX, however, cause the regression slope to get
Signiﬁcant amounts of noise. This issue is known as “Mea-attenuated towards zero and the resulting signal in the predic-
surement Error” (Fuller, 1987; Carroll et al., 2006). Climate tion or reconstruction period will invariably be biased (Fuller,
proxies derived from tree_rings, ice cores, lake Sediments'l987). Figure la illustrates this effect for a simple 1:1-linear
etc., are inherently noisy and thus all regression-based recorrocess where the resporisés only observed (available for
structions could suffer from this problem. Some recent appli-calibration) over the interval 0.9 to 1 whil¥ is available
cations attempt to ward off amplitude attenuation, but imple-over the full range of O to 1. Increasing the noise contained
mentations are often complex (Lee et al., 2008) or require adin X attenuates the OLS-derived slope parameter away from
ditional information, e.g. from climate models (Hegerl et al., the true linear relationship.

2006, 2007). Here we explain the cause of the problem and Why does noise in the predictors cause attenuation of
propose an easy, generally applicable, data-driven strategfpe true signal? Consider a simple linear regression model
to effectively correct for attenuation (Fuller, 1987; Carroll et Y=Bo+p1X+e for which we have instrumental observations
al., 2006), even at annual resolution. The impact is illustrated?” and the noisy proxy recoré/ = X + U, whereX is the

in the context of a Northern Hemisphere mean temperaturdlesired climate signal and is the contaminating noise. An
reconstruction. An inescapable trade-off for achieving an un-OLS regression of instrumental datais therefore not di-
biased reconstruction is an increase in variance, but for manyectly on X but actually onW, and thus the result is not a

climate applications the change in mean is a core interest. consistent estimate of the desired regression coeffigient
(Fuller, 1987; Carroll et al., 2006). Rather, the regression

slope is, in facto 2/(0 % +05) - f1, whereo andoj denote
the variance ofX andU, respectively. Therefore, the larger
the noiseU, the stronger the attenuation of the regression
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Fig. 1. Influence of increasing noise in predictors of simple linear models where the calibration is restricted to the interval 0.9-1.0 in the
response variabl® and prediction extends to {a) Traditional OLS regression exhibits rapid increase in attenuation of the true (orange)
linear relationship as the signal-to-noise ratio (S:N) becomes dominated by the(bpiShe OLS (green) regression result S:N=1:1 from

(a) is corrected using two possible TLS-answers (blue) based on the assumptions that either all ndisg;#=0nor where the noise in

X andY are thought to be equah£1). Depending on estimation of parameterssolutions for TLS will most likely be somewhere in
between. ACOLS (red) solutions are close to the true regression coefficients (orange), yet the variance is somewhat(ir)dBexsplbts
representing the range of solutions over 1000 replicates for applications shown in (b).

2 Method (1987) provides an optimal choice @fin order to minimize

the mean squared error ﬁ{ AcOLs, We are rather interested
IdeaIIyaU would be obtained through independent replicatesin minimizing the bias in the reconstruction and to this end
of the noisy predictors. Where this is not possible (such as imheeds to be close to zero. Hence we simplyose2.01, but
most paleoclimate applications), it has to be estimated fromhote that our results are insensitive to values between 0.001
the data. In a simple linear regression model, if the variancegnd 0.1.
05 of the noise in the predictor is known, then an Attenuation

Getting a precisé? is the critical step in this procedure.
Corrected Ordinary Least Squares (ACOLS) estlmatoroftheH gap v ’ P

ere we proposed one way to estima& when there are

slopepy is s no replicates, but other approaches could possibly be devel-
A Ow  a oped. The choice might depend on the problem, the data
B =7 b )

LACOLS= 5%_05 LOLS, and the noise structure at hand. To illustrate the robust-

i . ness of our approach under the given example conditions, we
wheregy, is the sample variance CW (Fulzler, 19_87)' show in the gﬁpplementary Ma?eriddt(p://wvrx)/w.clim-past.

the absence of replicate? to estimates;; we first ob- net/6/273/2010/cp-6-273-2010-supplemend it results

tain the residual variancgj from the OLS regression of are qualitatively very similar even after we artificially added
WonY,ie W=Bg+f1:Y+e,. If the noise inW is much  «ypjte"-noise to the individual proxy series. Comparable but
larger than the noise i, thengj would be a good es-  deteriorative results were also observed under “red”-noise
timator of 03. However, if this is not the case, then a conditions, although the reconstruction uncertainty becomes
correction must be applled Here we propose to correclarger, particularly if multiple predictors are used. Here
&2 using 6% =62 — kP2 oLs (for justification, see Sup- we naively applied the same correction method to the “red”
plementary Materialhttp://www.clim-past.net/6/273/2010/ noise, but more rigorous methodological developments on
Cp-6-273-2010-supplement.pdind search the>0by a5-  correlated measurement errors are called for. Further, a more
fold cross-validation (Stone, 1974). Specifically, we divide systematic assessment is needed to compare the effectiveness
the whole calibration period into 5 sections and then assessf different estimation methods and their robustness under
the ACOLS regression estimated from any combination ofvarious realistic conditions (e.g., noise magnitude or charac-
four sections on the fifth for a giveh. The k that mini-  teristic).

mizes the prediction bias is the retained estimaté.oflo Based on our ACOLS regression and the es'umaﬁfad/ve

ensure finite moments and superior small sample properUegan correct the attenuation and obtain an unbiased estimate
of B1.acoLs, we follow Sect. 2.5 in Fuller (1987) and replace ot true slopes; for X (Fuller, 1987; Carroll et al., 2006).

o inEq. (1) by(l— ,,T)GU, wherea >0. Although Fuller  This straightforward approach can also be implemented in
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a multiple linear regression framework where a vector of suggest that ACOLS is the only valid method for the correc-

slopes is attenuated, and hence needs to be corrected. tion. As long as the ratig can be precisely specified, the
Consider now a multiple linear regression model TLS will also correctly remove the attenuation effect.

Y=Bo+BT X + ¢ with observed p-dimensional vectd¥ = Before presenting an application, it is important to point

X + U representing the sign& contaminated by nois¥. out that in this Technical Note we can only deal with a small

Let Xxx andXyy denote the variance-covariance matrices subset of regression methods. A rich literature exists about
for X andU, respectively. Note thak ;¢ is not restricted to  the various approaches to linear models (e.g., Fritts et al.,
be a diagonal matrix. In fact, it will have non-zero off diago- 1990; Isobe et al., 1990; Osborne, 1991), where methods
nal entries when the variables inU are correlated. 1E ;¢ are sometimes used under different (even conflicting) names.

is known, then the ACOLS estimator gfis Subsequently we will use a paleoclimate example to illus-
. . 1 . trate how to implement our method. The goal is simply to
BacoLs= (Zww —Zyu) "ZwwhoLs, (2) introduce this method of correction for signal attenuation to

the existing catalogue of regression options for paleoclimate
problems. We will not provide a full intercomparison here
(cf., Rutherford et al., 2005; Bger et al., 2006; Hegerl et
al., 2006; Juckes et al., 2007; Lee et al., 2008; Mann et al.,
2008; Christiansen et al., 2009).

where iWW is the sample variance-covariance matrix of
W. To estimateX;;/, we first obtain the residual variance-
covariance matrixXyy from separate OLS regressions of
W; onY, i.e. W;=Bg;i»+B1;+Y +¢;x, for eachi=1,... p. Then
we make the correctioB yy = Xy _kﬁ*,OLSﬁAEOLS where

B+ oLs= (Bir+.... B1,)T. The rest of the procedure is anal-
ogous to above. 3 Applications in a paleoclimate context

In the statistical literature it is often believed that noise
in predictors is of no concern if the sole goal is prediction “Measurement error” correction has already been employed
(Fuller, 1987; Carroll et al., 2006). However, this only ap- in various disciplines (Carroll et al., 2006), particularly in
plies in situations where the range of bdthandY is well Astronomy (Isobe et al., 1990; Akritas and Bershady, 1996;
represented in the calibration period. If this is not the caseKelly, 2007). Although analyses based on noisy predic-
then the noise iW does introduce bias in the prediction tors are common in climate research, the need for correction
(Fig. 1a). Intuitively, asWw becomes dominated by noise, against attenuation has only recently been explicitly recog-
then the OLS-based regression line will get attenuated awayized (Allen and Stott, 2003; Hegerl et al., 2007; Mann et
from the true relationship betweefiandY and approach a al., 2007a, 2008; Riedwyl et al., 2009). In fact, the potential
horizontal line where it simply estimates the meanyoin problem of the magnitude in paleoclimate reconstructions —
the calibration period. where reconstructions are based on indirect, and thus inher-

Applying attenuation correction in the ordinary least ently noisy, proxy records — has only been fully recognized
squares (ACOLS) solution effectively eliminates the bias as climate model output has been used in synthetic exercises
seen in OLS-based reconstructions (Fig. 1b, c). Orthogo+o test reconstruction methods (Zorita et al., 2003; von Storch
nal regression methods such as total-least-squares (TLS) cat al., 2004; Hegerl et al., 2006; Wahl et al., 2006; Ammann
also recover the correct regression coefficients (Hegerl et aland Wahl, 2007; Kittel et al., 2007; Mann et al., 2007a, b;
2006). However, in contrast to ACOLS, the implementation Rutherford et al., 2008; Smerdon and Kaplan, 2007; Lee et
of TLS additionally requires a careful estimation of errors in al., 2008; Moberg et al., 2008; Smerdon et al., 2008; Chris-
the Y variable. Carroll and Ruppert (1996) have illustrated tiansen et al., 2009; Riedwyl et al., 2009).
that such TLS-implementations can be possibly dangerous An often-discussed example concerns the true amplitude
because: (a) the ratipof the variance of to the variance of  of Northern Hemisphere (NH) mean temperature over past
U can be sensitive to small changes in its two estimated comeenturies and millennia (Mann et al., 1998; Briffa et al.,
ponents; (b) an additional variance component in the numer2001; Jones et al., 2001; Esper et al., 2002, 2005; von Storch
ator ofp is often omitted that represent the “equation error” et al., 2004; Moberg et al., 2005; Hegerl et al., 2007; Os-
(Fuller, 1987), arising from the fact that even in the absenceborn and Briffa, 2006; Juckes et al., 2007). Currently nei-
of measurement error data typically do not fall onto a straightther the proxies — because of concerns of potentially un-
line, and consequently the corresponding TLS solution will reliable low-frequency information — nor the models — be-
potentially overcorrect the attenuation. In our simulation ex-cause of uncertainty in the magnitude of the forcings as well
ample, the range of TLS answers is indicated in Fig. 1b, c byas the overall climate sensitivity — can resolve this issue.
its two practical end-memberg=0 (all proxy noise) ang=1 Lately, different strategies that reduce such amplitude loss
(equal proxy and instrumental noise), althougtro (all in- have been explored (Juckes et al., 2007; Lee et al., 2008;
strumental noise, i.e. OLS) is also possible. These plots showChristiansen et al., 2009). They include one or a combina-
that an imprecise estimate pfwill lead to qualitatively dif-  tion of approaches: the selection of a longer, more repre-
ferent results while the requirement of estimatir@ only sentative calibration period (Ammann and Wabhl, 2007), par-
makes ACOLS results stable. However we here by no meansial (Mann et al., 2007a) or overall smoothing of the data
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Fig. 2. CPS (blue) and multiple (red) regression reconstructions of NH mean temperature (10-year Gaussian smoothed results for
visualization — high-resolution reconstructions are available in Supplementary Informatiomttggavww.clim-past.net/6/273/2010/
cp-6-273-2010-supplement.pdfased on a network of twelve grid-points — comparable to Hegerl et al. (2007) — here subsampled from
output of a coupled GCM (Ammann et al., 2007) where the true climate is kn@yattenuated results from uncorrected OLS regression,
and(b) the reconstructions from ACOLS. The vertical line at “1900” separates the calibration period from the reconstruction. Gray shaded
area represents the 95% confidence interval (following Li et al., 2007).

(Crowley and Lowery, 2000; Mann and Jones, 2003; Hegerlthe fact that the correlations between model gridpoint in-
et al., 2006; Lee et al., 2008), explicit inclusion of specific formation and model hemispheric temperature turn out to
low-frequency proxy data (Moberg et al., 2005), application be very similar to the real world data (Hegerl et al., 2007),
of a Kalman-Filter based reconstruction (Lee et al., 2008),and thus the important signal-to-noise level represented in
variance-matching scaling (Jones et al., 1998; Esper et althe model-based example is broadly comparable. [Note:
2005; Juckes et al., 2007) as well as total-least-squares reAdding noise to the samples would make the geophysical re-
gression (TLS) (Allen and Stott, 2003; Hegerl et al., 2006, construction problem certainly more realistic, yet the noise
2007; Mann et al., 2007a, 2008). TLS has received signif-does not appreciably change our conclusion on the differ-
icant attention and new NH reconstructions that involve theence between OLS and ACOLS-based reconstruction results.
use of this technique generally exhibit more pronounced am#or illustration of the effect of adding “white”- and “red”-
plitude (Hegerl et al., 2006, 2007; Mann et al., 2008; Ried-noise, we provide corresponding Figs. S2 and S3 in the Sup-
wyl et al., 2009). While in some applications, e.g., Canoni- plementary Material:http://www.clim-past.net/6/273/2010/
cal, or Principal Component Regression (Luterbacher et al.cp-6-273-2010-supplement.pdfn principle, other regres-
2004; Riedwyl et al., 2009), the dangers mentioned abovesion methods should be tested for such examples as well. For
might be less severe (Ammann and Wabhl, 2007) or even mithis Technical Note, however, we restrict the discussion on
nor (Hegerl et al., 2007; Mann et al., 2007a), appropriatethe simple case of twelve isolated locations that sample from
independent estimates for the necessary parameters may nathighly varying field of interest (the NH average tempera-
always be available. ACOLS offers an easy, straightforwardture). Further, more in-depth and comprehensive investiga-
alternative that can be implemented in a wide range of simpldions need to be carried out.]

(univariate) and multiple regression applications. The annual data of twelve distinct grid point samples were

For illustration of ACOLS in a climate reconstruction ap- calibrated over the period 1900-1999 against the true model
plication, we show in Fig. 2 a simple example. Using out- NH temperature in both simple (composite plus scale, CPS)
put from a coupled Atmosphere-Ocean General Circulationand multiple regression approaches. OLS-based reconstruc-
Model simulation (Ammann et al., 2007), we subsampledtions (Fig. 2a) indicate significant attenuation of the true am-
the annual temperature field at the grid-locations of realplitude of climate over the prediction period. In contrast,
world proxies used in Hegerl et al. (2007). For the pur- ACOLS-derived reconstructions (Fig. 2b) are essentially un-
pose of demonstrating the effect of the choice of a regresbhiased in the evolving temperature amplitude and the true
sion method, this example should suffice, particularly givenNH temperatures remain inside the 95%-confidence interval
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of the reconstruction. This interval, in fact, is achieved tors approaches zero and no correction would be necessary,
for full annual resolution of the data throughout the recon- ACOLS will simply tend towards the OLS solution and still
struction, and results were simply smoothed for visualiza-remains unbiased. Further examples should be tested to ver-
tion (see Supplementary Materidlttp://www.clim-past.net/  ify our result under different sampling, and particularly real
6/273/2010/cp-6-273-2010-supplement)pdfRecent TLS  world noise conditions.
and other methods’ results shown in Lee et al. (2008) In the climate arena, re-evaluation of existing reconstruc-
were potentially benefiting from the decadal smoothingtions using ACOLS will likely confirm recent supposition of
prior to reconstruction (or by including a low-frequency enhanced amplitudes (Huang et al., 2000; Esper et al., 2002;
step (Mann et al., 2007a), a process that significantly reMoberg et al., 2005; Hegerl et al., 2007; Mann et al., 2008)
duces the noise compared to the signal). Similarly, com-over the recent past compared to earlier estimates. The over-
bining multiple proxies into a composite was found to per- all structure of climate and its interpretation, however, should
form better, particularly if red-noise was present (see Supmot be affected because in most cases we are simply deal-
plementary Material:http://www.clim-past.net/6/273/2010/ ing with a change in the slope, and thus a scale factor, of a
cp-6-273-2010-supplement.pdfiikely because composit- linear relationship(s). Further research is now necessary to
ing averaged the unrelated, persistent noise across recordsvaluate how the full, annual resolution of ACOLS can be
The same dampening of noise effects could be expectedsed for spatial field reconstructions where enhanced vari-
from a Canonical Regression approach used in Luterbachednce, after having achieved a good and unbiased estimate of
et al. (2004). But other than TLS, only the KF-approach in the mean, has to be controlled at the regional scale to pre-
Lee et al. (2008) does explicitly take noise in the predictorsserve the dynamical structure of interannual climate variabil-
into consideration, and thus is expected to avoid attenuationity (Luterbacher et al., 2004; Rutherford et al., 2005; Mann et
from noise, even at annual resolution. Its implementation,al., 2007a). Climate model output will again play a key role.
however, is much more involved and in the multiple regres-An ideal platform for such tests is actually provided through
sion framework also computationally much more expensive.various evaluation exercises of the PAGES/CLIVAR Pale-

oclimate Reconstruction (PR) Challenge (séép://www.

pages-igbp.org/science/prchallerge/
4 Discussion and conclusions

AcknowledgementsThe authors are grateful for support by
One trade-off that has to be accepted in regressiontinda Mearns and the WCIAS-Program (C.M.A), D. Nychka and
based reconstructions is that the correction for bias inIMAGe (B.L.) and NSF grants in Collaborations in Mathemati-
the signal amplitude comes at the cost of increased varical Geosciences, ATM-0724828 (C.M.A. and B.L.), DMS-1007686
ance arising from the additional scale (correction) fac-(B.L.) and ATM-0620624 (M.G.G.). The research of M.G.G. was
tor in ,BAACOLS (Carroll et al., 2006, p. 60) (see Sup- al_so partially supporteql by Awgrd No. KUS-C1-016-04 made by
plementary Material:http:/mwww.clim-past.net/6/273/2010/ King Abdullah University of Science and Technology (KAUST).
cp-6-273-2010-supplement.pdfThis variance increase in Additionally, detailed reviews by A. Moberg, E. Zorita, P. Brohan,

L . B. Christiansen, K. Anchukaitis and one anonymous reviewer were

our example in Figs. 2 and S1 is mostly concentrated at the

. . very helpful to more effectively target this contribution and high-
interannual scale, and thus decadal smoothing of the l'('jcor]l'ghting the need for future evaluation of the method under different

structions results essentially compensates for this. [Note: Inygise conditions. The National Center for Atmospheric Research is
case of additional noise with memory (red noise), the vari-sponsored by the National Science Foundation and operated by the
ance increase will appear also over longer time scales.] University Corporation for Atmospheric Research.

AC.OLS could proylde_ a SImpIe.and more stable Way. of The authors contributed equally to this work.
warding off attenuation in regression-based reconstructions
than previously proposed methods. Such improvements arg&he authors declare no competing financial interests. Correspon-
not only possible for the large scale climate application dence and requests for materials should be addressed to C.M.A.
demonstrated here, but are equally expected in any othe@mmann@ucar.edu).
regression-based inferences where the predictors are carr
ing substantial noise. In paleoclimatology, for example, this
includes local or regional reconstructions based on records
such as tree-rings, pollen, corals, or isotopic composition.
Because an a priori assumption of “no change” in mean be_References
tween the callbratlor_\ and preq|Ct|0n/reconstruct|on period ISAkritas, M. G. and Bershady, M. A.: Linear regression for astro-
not commonly possible (particularly not under the current

- 8 . nomical data with measurement errors and intrinsic scatter, The
climate where a trend dominates the instrumental record), at- astrophys. J., 470, 706-714, 1996.

tenuation correction is not only helpful, it is, in fact, neces- ajlen, M. R. and Stott, P. A.: Estimating signal amplitudes in opti-
sary if a faithful representation of the true amplitude of the mal fingerprinting, part i: Theory, Clim. Dynam., 21, 477-491,
climate signal is to be recovered. Even if the noise in predic- 2003.

Edited by: V. Rath

www.clim-past.net/6/273/2010/ Clim. Past, 6, 2239, 2010


http://www.clim-past.net/6/273/2010/cp-6-273-2010-supplement.pdf
http://www.clim-past.net/6/273/2010/cp-6-273-2010-supplement.pdf
http://www.clim-past.net/6/273/2010/cp-6-273-2010-supplement.pdf
http://www.clim-past.net/6/273/2010/cp-6-273-2010-supplement.pdf
http://www.clim-past.net/6/273/2010/cp-6-273-2010-supplement.pdf
http://www.clim-past.net/6/273/2010/cp-6-273-2010-supplement.pdf
http://www.pages-igbp.org/science/prchallenge/
http://www.pages-igbp.org/science/prchallenge/

278 C. M. Ammann et al.: Correcting for signal attenuation from noisy proxy data in climate reconstructions

Ammann, C. M., Joos, F., Schimel, D. S., Otto-Bliesner, B. L., and Juckes, M. N., Allen, M. R., Briffa, K. R., Esper, J., Hegerl, G. C.,
Tomas, R. A.: Solar influence on climate during the past millen- Moberg, A., Osborn, T. J., and Weber, S. L.: Millennial temper-
nium: Results from transient simulations with the ncar climate  ature reconstruction intercomparison and evaluation, Clim. Past,
system model, P. Natl. Acad. Sci. USA, 104, 3713-3718, 2007. 3, 591-609, 2007,

Ammann, C. M. and Wahl, E. R.: The importance of the geophys-  http://www.clim-past.net/3/591/20Q7/
ical context in statistical evaluations of climate reconstruction Kelly, B. C.: Some aspects of measurement error in linear regres-
procedures, Clim. Change, 85, 71-88, 2007. sion of astronomical data, The Astrophys. J., 665, 1489-1506,

Briffa, K. R., Osborn, T. J., Schweingruber, F. H., Harris, I. C.,  2007.

Jones, P. D., Shiyatov, S. G., and Vaganov, E. A.: Low-frequencyKittel, M., Luterbacher, J., Zorita, E., Xoplaki, E., Riedwyl, N.,
temperature variations from a northern tree ring density network, and Wanner, H.: Testing a european winter surface temperature
J. Geophys. Res.-Atmos., 106, 2929-2941, 2001. reconstruction in a surrogate climate, Geophys. Res. Lett., 34,

Burger, G., Fast, I., and Cubasch, U.: Climate reconstruction by L07710, doi:10.1029/2006GL027907, 2007.
regression — 32 variations on a theme, Tellus A, 58, 227-235] ee, T. C. K., Zwiers, F. W., and Tsao, M.: Evaluation of proxy-
2006. based millennial reconstruction methods, Clim. Dynam., 31,

Carroll, R. J. and Ruppert, D.: The use and misuse of orthogonal 263-281, 2008.
regression in linear errors-in-variables models, Am. Stat., 50, 1-Li, B., Nychka, D. W., and Ammann, C. M.: The ‘hockey stick’

6, 1996. and the 1990s: A statistical perspective on reconstructing hemi-

Carroll, R. J., Ruppert, D., Stefanski, L. A., and Crainiceanu, C. M.:  spheric temperatures, Tellus A, 59, 591-598, 2007.
Measurement error in nonlinear models: A modern perspective Luterbacher, J., Dietrich, D., Xoplaki, E., Grosjean, M., and Wan-
2nd Edition, Chapman & Hall, Boca Raton, FL, 2006. ner, H.: European seasonal and annual temperature variability,

Christiansen, B., Schmith, T., and Thejll, P.: A surrogate ensemble trends, and extremes since 1500, Science, 303, 1499-1503, 2004.
study of climate reconstruction methods: Stochasticity and ro-Mann, M. E., Bradley, R. S., and Hughes, M. K.: Global-scale tem-
bustness, J. Climate, 22, 951-976, doi:10.1175/2008JCLI2301.1, perature patterns and climate forcing over the past six centuries,

20009. Nature, 392, 779-787, 1998.
Crowley, T. J. and Lowery, T. S.: How warm was the medieval warm Mann, M. E. and Jones, P. D.. Global surface temperatures
period?, Ambio, 29, 51-54, 2000. over the past two millennia, Geophys. Res. Lett., 30(4), 1820,

Esper, J., Cook, E. R., and Schweingruber, F. H.: Low-frequency doi:10.1029/2003gl017814, 2003.
signals in long tree-ring chronologies for reconstructing pastMann, M. E., Rutherford, S., Wahl, E., and Ammann, C.: Robust-
temperature variability, Science, 295, 2250-2253, 2002. ness of proxy-based climate field reconstruction methods, J. Geo-

Esper, J., Frank, D. C., Wilson, R. J. S., and Briffa, K. R.: Effect phys. Res.-Atmos., 112, D12109, doi:10.1029/2006JD008272,
of scaling and regression on reconstructed temeprature ampli- 2007a.
tude for the past millenium, Geophys. Res. Lett., 32, L0O7711,Mann, M. E., Rutherford, S., Wahl, E., and Ammann, C.: Reply, J.
doi:10.1029/2004GL021236, 2005. Climate, 20, 5671-5674, 2007b.

Fritts, H. C., Guiot, J., Gordon, G. A., and Schweingruber, F. H.: Mann, M. E., Zhang, Z., Hughes, M. K., Bradley, R. S., Miller, S.
Methods of calibration, verification and reconstruction, in: Meth- K., Rutherford, S., and Ni, F.: Proxy-based reconstructions of
ods of dendrochronology: Applications in the environmental sci- hemispheric and global surface temperature variations over the
ences, edited by: Cook, E. R. and Kairiankstis, L. A., Kluwer  past two millennia, P. Natl. Acad. Sci. USA, 105, 13252-13257,

Academic Publications, 1990. doi:10.1073/pnas.0805721105, 2008.
Fuller, W. A.: Measurement error models, Wiley, New York, NY., Moberg, A., Sonechkin, D. M., Holmgren, K., Datsenko, N. M., and
1987. Karlen, W.: Highly variable northern hemisphere temperatures

Hegerl, G. C., Crowley, T. J., Hyde, W. T., and Frame, D. J.: Climate reconstructed from low- and high-resolution proxy data, Nature,
sensitivity constrained by temperature reconstructions over the 433, 613-617, 2005.
past seven centuries, Nature, 440, 1029-1032, 2006. Moberg, A., Mohammad, R., and Mauritsen, T.: Analysis of the

Hegerl, G. C., Crowley, T. J., Allen, M., Hyde, W. T., Pollack, H. N., Moberg et al. (2005) hemispheric temperature reconstruction,
Smerdon, J., and Zorita, E.: Detection of human influence on a Cli. Dynam., 31, 957-971, 2008.
new, validated 1500-year temperature reconstruction, J. ClimateQsborn, T. and Briffa, K. R.: The spatial extent of 20th-century
20, 650-666, 2007. warmth in the context of the past 1200 years, Science, 311, 841—

Huang, S. P., Pollack, H. N., and Shen, P. Y.: Temperature trends 844, 2006.
ever the past five centuries reconstructed from borehole temper©sborne, C.: Statistical calibration: A review, Int. Stat. Rev., 59,
atures, Nature, 403, 756—758, 2000. 309-336, 1991.

Isobe, T., Feigelson, E. D., Akritas, M. G., and Babu, G. J.: Lin- Riedwyl, N., Kuettel, M., Luterbacher, J., and Wanner, H.: Compar-
ear regression in astronomy. I., The Astrophys. J., 364, 104-113, ison of climate field reconstruction techniques: Application to
1990. Europe, Clim. Dynam., 32, 381-395, doi:10.1007/s00382-008-

Jones, P. D, Briffa, K. R., Barnett, T. P., and Tett, S. F. B.: High- 0395-5, 2009.
resolution palaeoclimatic records for the last millennium: Inter- Rutherford, S., Mann, M. E., Osborn, T. J., Bradley, R. S., Biriffa,
pretation, integration and comparison with general circulation K. R., Hughes, M. K., and Jones, P. D.: Proxy-based northern

model control-run temperatures, Holocene, 8, 455-471, 1998. hemisphere surface temperature reconstructions: Sensitivity to
Jones, P. D., Oshorn, T. J., and Briffa, K. R.: The evolution of cli-  method, predictor network, target season, and target domain, J.
mate over the last millennium, Science, 292, 662-667, 2001. Climate, 18, 2308-2329, 2005.

Clim. Past, 6, 273279, 2010 www.clim-past.net/6/273/2010/


http://www.clim-past.net/3/591/2007/

C. M. Ammann et al.: Correcting for signal attenuation from noisy proxy data in climate reconstructions 279

Rutherford, S., Mann, M. E., Wahl, E. R.,, and Ammann, C. von Storch, H., Zorita, E., Jones, J. M., Dimitriev, Y., Gonzalez-
M.: Reply to comment by J. E. Smerdon, J. F. Galez- Rouco, F., and Tett, S. F. B.: Reconstructing past climate from
Rouco, and E. Zorita on “Robustness of proxy-based climate noisy data, Science, 306, 679-682, 2004.
field reconstruction methods.”, J. Geophys. Res., 113, D18107Wahl, E. R., Ritson, D. M., and Ammann, C. M.: Comment on “Re-
doi:10.1029/2008JD009964, 2008. constructing past climate from noisy data”, Science, 312(529b),

Smerdon, J. E. and Kaplan, A.: Comments on “Testing the fidelity doi:10.1126/science.1120866, 2006.
of methods used in proxy-based reconstructions of past climate”Zorita, E., Gonalez-Rouco, F., and Legutke, S.: Testing the Mann
The role of the standardization interval, J. Climate, 20, 5666— et al. (1998) approach to paleoclimate reconstructions in the con-
5670, doi:10.1175/2007jcli1794.1, 2007. text of a 1000-yr control simulation with the ECHO-G coupled

Smerdon, J. E., Kaplan, A., and Chang, D.: On the Origin of the climate model, J. Climate, 16, 1378—-1390, 2003.
standardization sensitivity in RegEM climate field reconstruc-
tions, J. Climate, 21, 6710-6723, 2008.

Stone, M.: Cross-validatory choice and assessment of statistical
predictions (with discussion), J. Ro. Stat. Soc., Series B, 36, 111—

147, 1974.

www.clim-past.net/6/273/2010/ Clim. Past, 6, 2239, 2010



