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Abstract. The Northern Hemisphere temperature responsepast millenium, but the response to solar forcing is claimed to
to volcanic and solar forcing in the time interval 1000— be weakly present in some periods only (Hegerl et al., 2003).
1850 AD is studied using first a set of simulations with The success of signal detection depends largely on the am-
an intermediate-complexity climate model, driven by recon-plitude of the forcing, which is much larger for the volcanic
structed forcings. Results are then compared with those obforcing than for the solar forcing. It seems likely that the
tained from the seven high-resolution reconstructed temperrelative importance of each forcing factor is different for dif-
ature records for the last millenium that are at present availferent timescales. Volcanic eruptions result in a strong, but
able. Focus of the analysis is on the timescale dependencghort-lived reduction of the large-scale radiative forcing, so
of the response. Results between the model and the proxythat this forcing is probably most relevant for annual-decadal
based reconstructions are remarkably consistent. The rdimescales. The solar irradiance spectrum, on the other hand,
sponse to solar forcing is found to equilibrate at interdecadahas increasing power at longer timescales. Numerous studies
timescales, reaching an equilibrium value for the regressiorhave found evidence of solar forcing at long temporal scales
of 0.2-0.3C per W/n?. The time interval between volcanic (e.g. Crowley and Kim, 1996). Therefore, this forcing might
eruptions is typically shorter than the dissipation timescale ofbe important primarily for temperature variations at multi-
the climate system, so that the response to volcanic forcinglecadal and longer timescales.

never equilibrates. As a result, the regression on the vol- The present paper examines how the large-scale temper-
canic forcing is always lower than the equilibrium value and ature response depends on the timescale. This is first done
goes to zero for the longest temporal scales. The trends ove§y using a set of model simulations with the ECBiIlt cli-
the pre-anthropogenic period are found to be relatively largemate model, driven by reconstructed forcing factors (Crow-
in all reconstructed temperature records, given the trends iey, 2000). The simulated NH temperature response is anal-
the reconstructed forcing and the equilibrium value for theysed as a function of timescale by computing the regression
regression. This is at variance with a recent claim that re-and correlation with the forcing for a range of low-pass fil-
constructed temperature records underestimate climatic varker periods. The model results are then compared with re-
ations at multi-centennial timescales. sults from seven high-resolution temperature reconstructions
that go back at least to 1000 AD. Four of these are based
on (partly overlapping) multi-proxy datasets (J098 — Jones
et al.,, 1998; Ma99 — Mann et al., 1999; Cr00 — Crowley
and Lowery; 2000; Ma03 — Mann and Jones, 2003), while
two are based on tree-ring data only (BrOO — Briffa, 2000;

variations, have been shown to play an important role in gen =502 — Esper etal., 2002). One reconstruction combines an-

erating Northern Hemisphere (NH) temperature variationsnual tree-ring data with low-resolution records to obtain the

during the past six centuries (Mann et al., 1998) and the paslpnger temporal scales _(M°05 — Moberg et al., 2005). Al
millenium (Crowley, 2000). The response to volcanic forc- reconstructions are available at the World Data Center for

ing is reliably detected in temperature reconstructions for the@leoclimatologyfttp:// www.ng.dc.r)oaa.gov/ pal)'ao

Focus of the present analysis will be on the timescale de-
Correspondence tdS. L. Weber pendence of the solar and volcanic forced signals in both the
(weber@knmi.nl) model runs and the proxy-based reconstructions. A similar

1 Introduction

External forcings, like volcanic eruptions or solar irradiance
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timescale analysis of the solar-forced response was done b$366 W/n?. This is a conservative estimate of TSI changes
Waple et al. (2002) for the period 1650-1850 AD. They con-compared to other reconstructions (Bard et al., 2000). The
clude that the climatic sensitivity is greatest at timescalesanalysis period is taken to be 1000-1850 AD. This minimizes
longer than 40yr, while it is reduced at decadal timescalesanthropogenic effects in the reconstructed temperatures. The
This holds both for their empirical estimate derived from model analysis is carried out over the same period, in order
the Mann et al. (1998) record and model-based estimateso have identical forcing records and record lengths in the
The present study extends this analysis to longer temporahnalysis.

scales by considering the period 1000-1850 AD. It also uses Reconstructed temperature records rely mainly on proxy
a larger number of reconstructed temperature records andata that reflect warm-season temperatures, although some
includes the response to volcanic forcing. The proxy datarecords are calibrated against annual-mean temperatures.
underlying the reconstructed forcings are independent of th&hey mostly emphasize temperatures in the extra-tropics.
datasets used for the temperature reconstructions. The queBer this reason simulated June-July-August (JJA) data are
tion of whether the forced signal in the temperature recordaused in the analysis, taken over latitudes north 6fRR0Six

is plausible can therefore be considered as an assessmentaff the reconstructed temperature records are formally cali-
the quality of the temperature reconstructions. Here it is asbrated against the instrumental record. For simplicity the
sumed firstly, that the reconstructed forcings themselves areesults for Es02, which is not calibrated, are denotetidn

of reliable quality, and secondly, that the response characteras well. This represents a scaling factor of 1, resulting in a
istics of the climate system can be estimated from the ECBiltsimilar variance of Es02 as, for example, the Cr00 or Ma03
simulations. reconstructions.

The outline of this paper is as follows. Section 2 briefly In the following we will consider the linear regression of
describes the model experiments and defines the regressi@imulated and reconstructed temperatures on each forcing
coefficient used in the analysis. The climatic response to sofactor, where the regressidtis defined as:
lar and volcanic forcing is discussed in Sect. 3. Sections 4 <TG +1)F@t) >
and 5 give the timescale analysis for the simulated temperaR = “FOFQ) >

1)
tures and reconstructed temperatures, respectively. Section 6 ) )
contains a summary and discussion. Here the brackets.> denote the time averagg,is the tem-

perature anomaly andl is the (solar or volcanic) radiative
forcing, defined as the prescribed anomalies in TSI divided
2 Climate model experiments and analysis method by four to account for the Earth’s geometry. The regression
is taken at the lag where the correlatiop is found to be
ECBIlt is an intermediate-complexity climate model con- maximimum, with
taining a dynamic atmosphere, a global ocean model and <TGt+1)F@) >
a thermodynamic sea-ice quel._ _The atmosphe_ric compo? = _ F()F(t) >Y2< T(1)T (1) >1/2 @)
nent (T21, L3) incorporates simplified representations of the . L .
diabatic-heating processes and the hydrological cycle. Ther@‘n alternative to Eq.1) would be to use the climatic sensi-

is a land surface parameterisation, based on a bucket modgﬁ'ty S, which is generally defined in terms of tabsorbed

for soil moisture and a thermodynamic snow model CloudS ort-wave radiation. The relation between the climatic sen-
' sitivity and the regressiorl) is R=(1—«)*S, wherex is the

cover is prescribed from seasonal climatology. The atmo- lobal albedo. Obvious| t albedo’ K A
spheric component is synchronously coupled to a flat-botto obal albedo. Lbvious y past albedo's are not known. Any
stimate of past albedo’s would be different from the time-

ocean component with comparable horizontal resolution andStn : s .
12 vertical levels. More details on the model are given byvarymg (dynamically computed) albedo’s in the model simu-
Weber et al. (2004) lations, where they depend on snow and sea-ice cover. There-

. . ) fore it seems most straightforward to carry out the model-
Four 1000-yr experiments were carried out: two use both . . . )
data intercomparison using the regressihnwhere the tem-

volcanic and solar forcing, but start from a different initial erature response is measured in terms of the prescribed ex
state. Two other experiments are driven by either volcanid® °sh P
ternal forcing only.

or solar forcing alone. The radiative forcing due to recon-
structed variations in the solar irradiance intensity and vol-
canic eruptions is taken from Crowley (2000). Here the ef-3 Climatic signals due to solar and volcanic forcing

fect of volcanic eruptions is parameterised by a reduction

of the solar irradiance. The solar forcing is based on ice-The solar and volcanic forcing factors are shown in Fig. 1.
core measurements &fBe (Bard et al., 2000), spliced into Both have annual resolution. The solar forcing mainly con-
the reconstruction by Lean et al. (1995) for the more recensists of a low-frequency signal. The present reconstruction
time interval. There is a 0.20% decrease in total solar ir-does not contain variability on annual-decadal timescales, as
radiance (TSI) for the deepest part of the Maunder Mini-is evident from Fig. 1 where low-pass filtered data (for fil-
mum (at ca. 1690 AD) with respect to the modern value ofter periods of 20, 40, 150 and 400yrs) are shown as well.

Climate of the Past, 1, 9%, 2005 www.climate-of-the-past.net/cp/1/9/



S. L. Weber: NH temperature response to solar and volcanic forcing 11

solar forcing 0 N e
_0s -005{ | 7/"( E \ /\w*"’
B 0.1 \/ | oo M
B s N . -
=024 ]
-2 —ozs] | -0.08
25 vole | 4l ./ ECBIlt Croo
_035 B =-0.12
7*202455101214 .-202455101214 -20 2 4 6 8101214
o4 o I NN
1000 1200 1400 1600 1800 o3 G T U -o0s
volcanic forcing ~00s \J/W 0061 | 006 K/
;!n_--:u g < A= g g VI e el VT, 1 22 e A -0.09 -0.09 / -0.08
HRA I V Ly 9 N 098 3r0
-1 [ '] | ‘ (I -0.12 —0.12 —0.12
—24 | 20 2 4 1012 14 -2 4 10 12 14 -2 0 4 10 12 14
=340 ofT T o\, T
=41 [ | . oo ~0.03 A oo\ A -003 A
54 N I \/\// i 7o \ f \;\/
. . . | -0.06 + -0.06 -0.06 AR
1000 1200 1400 1600 1800 0094 009 00 \J
EsO2 03 | ‘ 5
NH temperature o2 a2 o]
02 ‘ -20 2 4 6 8 1012 14 -20 2 4 6 8 1012 14 -2 0 4 6 8 10 12 14
. il | )
2] i b ~ : [ . _ . . .
0 e ™ “',‘1‘,‘.!\, "...; aics B U (R 1L T J’ !!' Fig. 2. The mean radiative forcing due to volcanic eruptions (up-
"] \ ' ’ | I [ " " il aa Al ! per left panel; in W/r) and the mean response in NH temperature
-0.24|| | ’ - SRR | RN ' " } M1 3* (in °C) from one of the volcanic-solar forced ECBIlt runs and in

the seven reconstructed records. Shown is the response in the unfil-
‘ ‘ ‘ ‘ tered data (green lines) and in the 10-yr low-pass filtered data (black
064 | R | lines). Note the vertical scale difference between the simulated and
reconstructed responses.
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Fig. 1. The radiative forcing due to variations in solar intensity . . . .
(upper panel) and volcanic eruptions (middle panel; both in #y/m with clearly different signals at decadal (20-yr low-pass fil-

and the simulated anomalies in NH temperature®@) from one tered), interdecadal and cen'FenniaI _timescales. The trend
of the volcanic-solar forced ECBilt runs for the pre-anthropogenic cOmponent (400-yr low-pass filtered) is very small.
period (time in years AD). Also shown are the smoothed records, Figure 1 also shows the simulated NH temperature from
using low-pass filter periods of 20yr (blue), 40yr (green), 150yr one of the volcanic-solar forced ECBIlt runs. A visual in-
(red) and 400 yr (yellow; solar forcing only). The vertical axis is cut spection of the record already suggests that the temperatures
in the middle and lower panels (suppressing volcanic events up tgyrimarily reflect the volcanic forcing at short timescales,
~11.8W/nt and—1.2°C) in order to highlight the low-frequency  showing a pronounced decline in the year of an eruption.
components in the time series. Variations at multi-decadal and longer timescales indicate
the imprint of the solar forcing. Multi-centennial tempera-
ture variations are simulated in the volcanic-solar and solar
The 20-yr and 40-yr low-pass filtered records almost coin-forced runs, but are very weak in the run with volcanic forc-
cide with the unfiltered record. The longer filter periods areing only.
chosen such that low-pass filtering of the solar forcing record The mean response to volcanic eruptions in the model sim-
results in visually different signals, reflecting interdecadal j|ations and the seven reconstructions was computed by tak-
(40yr), centennial (150yr) and longer timescales (400yr). jng the composite over all 56 eruptions. Figure 2 shows the
The volcanic forcing consists of a sequence of strongmean temperature anomaly in the 2 years prior to an erup-
pulses, which occur at irregular time intervals. In the anal-tion and the 15 years following it. When another eruption
ysis period 56 eruptions occurred with an amplitude largeroccurs within this time interval, the year of this second erup-
than—0.5W/n?. The largest eruption had an amplitude of tion (and the years following it) are excluded from the com-
—11.8 W/n? (in 1259 AD), while the next-largest eruptions posite. This results in an increasingly smaller sample size
fall in the range—5 to —7 W/n¥ (6 cases). The amplitude of for longer time delays, so that the tail of the response is less
the volcanic forcing rapidly decreases for longer timescalesreliably determined than the peak immediately following an
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12 S. L. Weber: NH temperature response to solar and volcanic forcing

regression canic eruptions at annual timescales, although most records

do show pronounced variability at annual timescales. (Only

059 the Cr00 and Ma03 reconstructions do not resolve annual
: : timescales, as they contain a number of proxy records with

O] decadal resolution.) Temperatures relax back to normal val-

ues within 5-10 years after an eruption in the model. The
Es02 and Ma03 records exhibit a weak response that seems
to persist longer. All other reconstructed records clearly in-
dicate a similar relaxation timescale as found in the model.

4 The temperature response as a function of timescale:
the model experiments

0 v T
0 20 40 150 400

The regression on the solar and volcanic forciRge and
correlation Ryole, is shown in Fig. 3 for different low-pass filter periods.
As the reconstructed solar forcing does not contain annual-
decadal timescales, results g are only shown for inter-
decadal and longer timescales. In all model runs the regres-
sion on the solar forcing does not depend on the filter period
in this timescale range, while it is somewhat higher in the
runs which include volcanic forcing than in the run with solar
forcing alone. In the volcanic-solar forced runs the mean NH
temperature is lower, while temperature variations are larger
than in the run with solar forcing only. Because of this larger
variability, Rso) appears to be larger. This spurious effect dis-
appears when the regression is computed from the reduced
records, that is, the temperature record minus the response to

0 20 40 150 400 each volcanic eruption (the mean response shown in Fig. 2
scaled by the amplitude of that eruption).
Fig. 3. (a) The regression (ifiC per W/n?) for different low-pass The solar forcing can be thought of as a superposition of

filter periods (in yr) of the NH temperature on the volcanic and so- perjodic components. The linear response to such is forc-
lar forcing, |nd|c_ated pyV and S, in the E(.?Bl|t experlment_s driven ing is again periodic and the temperature regression can be
by solar-volcanic forcing (blue and green lines), solar forcing aloneshown to increase for increasing forcing periods, reaching

(black line) and volcanic forcing alone (red line), aftj same for S . .
the correlation. The temperature data are smoothed with a 1O-y‘;;m equilibrium level for periods considerably longer than the

low-pass filter prior to the analysis (dotted lines give results for thed'ss'p"’mOn timescale of the system (White et al., 1998). At

unsmoothed data) for later comparison with the proxy-based estiShorter timescales the response is damped due to the ther-
mates. mal inertia of the ocean. The dissipation timescale is set

by the depth of the oceanic mixed layer and the efficiency

of long-wave radiation to space. It is estimated to be a few
eruption. Shown are anomalies with respect to the mean temyears (White et al., 1998). In the present experimetits
perature in the years without any impact of the volcanic forc-seems to have equilibrated at interdecadal timescales, con-
ing, here defined as more than 15 years after an eruption. Asistent with earlier findings (Waple et al., 2002) and results
there is some arbitrariness in this definition, a few recordsfrom a 10 000 yr solar-forced experiment with the ECBiIlt cli-
(Ma99, Mo05) show a bias in the mean response. The simumate model (Weber et al., 2004).
lated peak response to volcanic eruptions &32°C, while The volcanic-solar forced and volcanic forced runs give
reconstructed temperatures show a much weaker peak reonsistent results faRyoc. The simulatedRyqc=0.12C per
sponse of 0.05-0°C. The latter is consistent with findings W/m? for filter periods of 0—20 yr, while it continuously de-
of Hegerl et al. (2003) based on a smaller number of reconcreases for longer periods. The response to volcanic forcing
structed records. is seen to remain below the equilibrium value for all filter

Smoothing the model data with a 10-yr low-pass filter re- periods. After a volcanic eruption temperatures are found

sults in a mean response that is lower by a factor of two.to relax back to normal values within 5-10 yr, while the time
The temperature reconstructions, however, show a very simbetween two eruptions is more than 10 yr in 73% of the cases.
ilar mean response for the smoothed data. This sugggesiEherefore, it is reasonable to assume that the response to
that the proxy data do not register the strong response to voleach eruption is independent of that to the previous or the
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next eruption. As a result, the response never equilibrates regression
but instead goes to zero for centennial timescales. For later
comparison with the reconstructed temperatuRgg is also 059
computed for the 10-yr smoothed temperature records. This
reduces the value for the “unfiltered” data considerably. 0.44

Correlations show that the volcanic forcing indeed ex- o34
plains most variance at annual-decadal timescales, while the
solar forcing dominates at interdecadal and longer timescales , | -
(Fig. 3). All correlations are significant at the 10% level in
a one-sided-test. The lag at which the optimum correlation 1
occurs increases for the longer filter periods, with values of ™
0-5yr (volcanic forcing) and 5-10yr (solar forcing). The

cross-correlation between the two forcing factors is lower 0 20 40 150 400
than 0.1 for all timescales. Therefore, the noise levels are '
higher and correlations between the temperature and each correlation

forcing factor are lower in the volcanic-solar forced runsthan 1
in the runs with one forcing only. 094

The dependence of the regression and correlation on seap.g8
sonality in the present simulations is illustrated in Fig. 4.
There is a weak dependence on the season, with somewhat’
higher regressions for annual-mean data than for summery.g -
data. This is due to the positive sea-ice and snow albedo
feedbacks, which are more important for annual-mean/winter 0.5 1
data than for summer data. This effect becomes more pro-g 4 1
nounced, when the spatial sampling is restricted to more
northern latitudes. It is also somewhat stronger when only 0-31_
land points are taken into account, see Fig. 4. Correlations 0O 20 40 150 400

hardly depend on seasonality or spatial sampling, because

temperature variations are larger for annual-mean (land) temf'9- 4. Same as Fig. 3, but now for JJA (solid black lines) and
nual-mean (dashed black lines) temperatures over latitudes north

perat_ures than summer (land and OCEt‘a”) temperatures. T@?ZO" N. Red lines indicate JJA (solid) and annual-mean (dashed)
functional dependence of the regression and the correlauopemperatures over land gridpoints north of 200nly

on the filter period does not depend on the geographical cov-
erage or seasonality.

5 The temperature response as a function of timescale:

The equilibrium temperature regression on the solar forc-  proxy-based reconstructions
ing in the solar-forced experiment with ECBIlt can be com-
pared with figures given for comparable experiments withThe regression on the solar forcing is found to be consis-
more comprehensive GCMs. No figures exist in the litera-tent among five of the reconstructed temperature records. For
ture for the regression on the volcanic forcing. The presenthese record®so seems to have equilibrated for interdecadal
value Rso=0.2C per W/nt is found to be relatively low timescales, with very similar values for low-pass filter peri-
(Weber et al., 2004). For example, temperature variations abds of 40 and 150yr. However, a higher value is found for
multi-decadal timescales in a solar-forced experiment withthe 400 yr low-pass filtered data. The results for four of these
the ECHAM3/LSG model indicate a regression of @4er  records, which have similar amplitudes, are shown in Fig. 5.
W/m? (climatic sensitivity of 0.63C per W/n?, with an  The Mo05 record has a similar timescale dependence, but its
albedo of 36%; Cubasch et al., 1997). This model is knownregression is higher by a factor of two. Two other records
to have a relatively high climatic sensitivity. The low sen- show small negativeRso for all filter periods. No attempt
sitivity of ECBIlt is associated with the lack of cloud and was done to correct the regression on the solar forcing for
moisture radiative feedbacks, which are assumed to affect athe effect of volcanic forcing on the reconstructed tempera-
timescales in a similar manner. The correlation coefficienttures, as there is some ambiguity in determining the reduced
(signal-to-noise ratio) in ECBIlt is found to be similar to that record without a clear response to volcanic eruptions at an-
in GCMs (Weber et al., 2004), as ECBIlt also underestimatesiual timescales. The model results indicate that the timescale
internal climatic variability due to its coarse atmospheric res-dependence oRs is not affected by this, although its am-
olution. plitude may be somewhat overestimated.
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14 S. L. Weber: NH temperature response to solar and volcanic forcing

Table 1. The regressioR of the reconstructed NH temperatures on the solar forcing for the 40-120 yr band-pass filtered data, the 400-yr
low-pass filtered data and the ratio between these two. The regression on the volcanic forcing for the 400-yr low-pass filtered data and the
linear trend in the reconstructed temperature records over the pre-anthropogenic period.

Cr0O0  Ma99 Jo98 BrO0 Es02 Ma03 Mo05

R%* 12097 (o per win) 021 033 034 027 017 022 057
Rsof” Y' (eC per Winf) 045 035 051 005 -003 038 1.29
ratio 215 1.06 149 020 -018 171 2.28
RIS (°C per Win?) 003 002 004 003 002 002 008

linear trend {C per 1000yr) -0.30 -0.20 -0.33 -0.17 -0.07 -0.19 -0.71

regression with the timescale indicated by the ECBIlt model. The rela-
tively high values ofRsq for the 400 yr low-pass filtered data
051 ) are therefore surprising. In order to examine the response
: : to the solar forcing in more detail, the regression is consid-
ered separately over several timescale bands. In the timescale
range 40-120 yr the regression is consistent among all seven
records. Values are given in Table 1. They range between
: : 0.17 and 0.3%C per W/n¥, with an outlier of 0.57C per
024 W/m? for the MoO5 record. Similar values are found when
smaller timescale bands are chosen within the interdecadal-
centennial range, which can be assumed to be reasonably

041

0.34 -

0.17 P o well resolved in a 850-yr record. Therefore, we tentatively
‘ j % conclude that these values represent the equilibrium regres-
0 0 20 40 150 400 sion of the reconstructed temperatures on the solar forcing.
. Considering the longest temporal scales, it is found that
correlation regressions diverge substantially. This range is certainly not
0871 well resolved because of the limited record length. The two
074 tree-ring based records exhibit regressions (and correlations)
that are close to zero in this range. The other records have
061" anomalous high regressions (and large positive correlations)
054 atthese timescales. The ratio betwa}""" andRzo 20"
is given in Table 1 as well. It varies between 1.1 and 2.3.
041 A similar timescale dependence as shown in Fig. 5 is found
034 — when computingRse from the linearly detrended tempera-
‘ ‘ ture and solar forcing records. This indicates that this behav-
02— 7 . - ior is not solely due to the trend component, but that varia-
o14d T V tions on all timescales longer than 400 yr contribute to it.
0 20 40 150 400 The regression on the volcanic forcing is consistent among

all seven records, both in its timescale dependence and its
Fig. 5. Same as Fig. 3, but now for the reconstructed temperatureamplitude. The maximunR,ec occurs mostly for the 20-
records of Jo98 (orange line), Ma99 (red line), Ma03 (greenblueyr |ow-pass filtered data (in some records for the 40-yr low-
line) and _CrO_O (black line). Note that the vertical scale range is thepass filtered data). After thaRyo|c decreases continuously
same as in Fig. 3 for increasing filter periods. As in the model, temperatures
relax back to normal values within 5-10 yr after an eruption
so that the system never equilibrates. Very low regressions
The present empirical equilibration timescale is consis-are found for the unfiltered data. Clearly the reconstructed
tent with an earlier estimate based on one reconstructed tememperatures do not capture the strong response to volcanic
perature record and the solar forcing for the time intervaleruptions at annual timescales, which is also evident from
1650-1850 AD (Waple et al., 2002). It is also compatible the composite response to all individual eruptions shown in
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Fig. 2. Taking this into account, the timescale dependence ojust below the 10% significance level. The correlations with
Rvolc is very similar in the data and in the model simulations. the volcanic forcing are significant for the unfiltered and 20-

It is clear from Fig. 5 and Table 1 that the amplitudes of yr low-pass filtered data. They cease to be significant for
Ryvolc @and Rgg) Vary among the seven different records. This the 40-yr or 150-yr low-pass filtered data, depending on the
may be related to differences in geographical coverage andecord. Clearly the lowest correlations found in the data do
seasonality of the underlying proxy dataset or differencesnot pass this simple significance test. However, the seven
in calibration methods (Esper et al., 2005). However, thetemperature reconstructions show a reasonable agreement
timescale dependence is very similar for all records in theamong each other with respect to the timescale dependence
case ofRyolc. Tentatively, we conclude that this is also true of correlations. In addition, the similarity between model-
for Rsol, considering the interdecadal-centennial timescalebased and data-derived results is a strong indication of their
range and the trend component separately. As in the modelalidity.
runs, Ryolc IS lower thanRsg for all timescales.

It is of interest to compare the linear trend in the re-
constructed temperature records directly with those in thed Discussion and conclusions
forcing factors. The linear trends (over the 1000-1850 AD
period) in the solar and volcanic forcing are0.15 and  The present analysis shows a close agreement between the
—0.19103W/m?, respectively. Assuming thakso has  timescale dependence of the response of simulated and re-
equilibrated at the interdecadal-centennial range, this impliesonstructed temperature records to the external forcing fac-
a temperature decline of 0.03—0°@9(per 1000 yr). Assum- tors. The regression on the volcanic forcing is maximum
ing furthermore thaRyoc is 0.1 at most at multi-centennial at decadal timescales, while it goes to zero at the longest
timescales, the volcanic forcing adds a negative trend oftemporal scales. The response to the volcanic forcing never
0.02C to this. The implied combined trend is in all cases equilibrates, as the time interval between two eruptions is
lower than the linear trends given in Table 1 for the recon-typically larger than the dissipation timescale of the sys-
structed temperature records. tem. This implies thaRyg|c is much lower thamkgg for all

The correlations for the reconstructed records are showrimescales. The regression on the solar forcing equilibrates
as well in Fig. 5. Basically there is a similar timescale de- at interdecadal timescales in the model simulations, with an
pendence as in the model, although overall values are lowegquilibrium value of ca. 0.3@ per W/n?. This seems to be
This is not surprising, as the reconstructed forcings are usethe case in the reconstructions also, although there are some
to drive the model runs. Consequently, they optimally fit ambiguities in the timescale dependence of the regression.
the simulated temperatures. In the case of the proxy data, The best agreement iRsq is seen between those recon-
both the forcings and the temperatures are only an estimatstructions that have some overlap between the underlying
of the true historical records (Jones and Mann, 2004). Thelatasets (Cr00, Ma99, Jo98 and Ma03). In these records
timescale separation between the influence of volcanic andRsol does not depend on the timescale in the interdecadal-
solar forcing is more rigorous in the model than in the data.centennial range, but has a relatively large value at multi-
This is partly due to the lack of a strong volcanic signal at centennial timescales. A similar timescale dependence,
annual timescales in the proxy data. The lag at which the opbut a larger overall amplitude aRsej, is found in Mo05.
timum correlation occurs increases for increasing filter peri-The timescale separation between the high-frequency and
ods. Lags are somewhat longer in the data than in the modethe low-frequency components of this record lies at 80yr
ranging over 0—20 yr (volcanic forcing) and 10-20yr (solar (Moberg et al., 2005), a timescale which is well below that at
forcing). which Rs| is found to rise in the present analysis. Finally, the

It is difficult to establish the statistical significance of the two tree-ring based reconstructions (BrOO and Es02) show
correlations, because the number of independent samples ltle correlation with the solar forcing at multi-centennial
not clear a priori. Most reconstructions have a substantialimescales. Restricting the analysis to the interdecadal-
number of proxy records in common, while a few are mainly centennial range by band-pass filtering the solar forcing and
(but not exclusively) based on independent data. Thereforetemperature records gives consistent results for all seven re-
the number of independent NH temperature reconstructionsonstructions. In this range the regression has indeed equili-
lies between one and seven. In contrast, the four model simubrated. The estimated equilibrium regression is 0.2-@35
lations are independent of each other, so that even small coper W/nt for the six records that are calibrated by regression
relations are significant due to the relatively large number ofmethods. It is about twice as large (02E7per W/nt) for the
samples. Considering each temperature reconstruction sepdt005 record that is calibrated by variance scaling.
rately, a one-sidetitest gives the following results. Correla-  The equilibrium regressions found in the model and in the
tions with the solar forcing are significant at the 10% level for data imply a climatic sensitivity of 0.3—-0.8 per W/n?, as-
the low-pass filtered data for those reconstructions that haveuming a global albedo of 30%. This is relatively low com-
a positively correlated trend component. In case of the bandpared to IPCC estimates of 0.5-1Clper W/n? (Cubasch
pass filtered data correlations are lower, making them mosthet al., 2001). In the model the climatic sensitivity does not
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depend much on the type of forcing. Assuming that & CO albedo and in the ThermoHaline Circulation (THC) in the At-
doubling results in an estimated forcing of 3.7 W/(vyhre lantic ocean. The THC strength was found to be negatively
et al., 1998), the presently found sensitivity of ®@3per  correlated with the solar forcing in the ECBIlt model (We-
W/m? (regression of 0C per W/nf) implies an equilib-  ber et al., 2004), implying a negative feedback on the high-
rium temperature change of 2®. This is close to the value latitude temperature response due to changes in the ocean
of 1.7°C found in the ECBIlt model for a C&doubling. EC-  heat transport. The effect is, however, weak. Albedo changes
Bilt probably underestimates the true climatic sensitivity, due constitute a positive feedback. Snow and sea-ice changes are
to the lack of positive feedbacks on the radiative forcing like represented in the model, but may be too weak due to the sim-
the moisture feedback. The present analysis indicates that glicity of the sea-ice and land components. Albedo changes
number of reconstructed temperature records also have a clthat are associated with the growth and decay of glaciers and
matic senstivity which is too low. Although overall values small ice caps or shifts in vegetation zones are not repre-
are thus low, trends over the pre-anthropogenic period arsented at all. Experiments with more comprehensive climate
relatively large in all reconstructed temperature records.  models should clarify whether these feedbacks play a role.
The trends in the temperature reconstructions implied by Recent work has shown that temperature reconstruc-
the combined volcanic and solar forcing can be estimatedions, that are calibrated at annual-decadal timescales,
as follows. In most record®,oic<0.05 andRsp<0.358C  tend to underestimate variability at multi-decadal and longer
per W/n? at the longest temporal scales. The implied com-timescales (Von Storch et al., 2005). The present results indi-
bined trend is-0.05 to—0.1°C (per millenium) over the pre-  cate, however, that one should distinguish between different
anthropogenic period, which is much lower than the trendsfrequency bands. All reconstructed temperature records
of —0.1 to—0.3C actually found in the reconstructions (Ta- have a trend component that is relatively high compared to
ble 1). Also, the trend of-0.7°C in Mo05 is larger than variations at multi-decadal timescales and the trend in the
that implied by the combined forcing. This indicates that the reconstructed forcing factors. A better assessment of the
trends in the data cannot be explained from the volcanic andrue shape of the temperature spectrum is needed to resolve
solar forcing, as claimed by Crowley (2000), while the trendsthis issue, possibly using low-resolution data to assess the
in the model are fully consistent with the forcing. There are longest timescales (Moberg et al., 2005). The present paper
two alternative hypotheses for this discrepancy between théyas analysed the forced component of climatic variability,
model and the data. Either other forcing factors play a role,assuming a linear response model. It is possble that internal
which have not been taken into account in the model simufeedbacks, which are not represented in the ECBIlt climate
lations, or the model lacks important feedbacks at the multi-model, strongly modify the response at multi-centennial
centennial timescale. timescales. This would imply that the relatively high recon-
Alternative forcing factors that have been put forward in structed trend component is realistic, arising from volcanic
the literature are deforestation prior to 1850 AD (Bauer etand solar forcing alone. Alternatively, orbital forcing or
al., 2003) and orbital forcing (Mann et al., 1999). The latter [and-use changes may explain this component. Finally, there
forcing arises mainly due to a shift of the longitude of peri- may be a random coincidence between long-term trends in
helion relative to the moving Vernal Equinox (Berger, 1978), NH temperatures and the external forcings over the past
corresponding to a shift of ca. 17 days over the past mille-millenium.
nium. It depends on latitude, affecting monthly temperatures
rather than the annual-mean. The temperature regression waslited by: U. Mikolajewicz
found to beR,=0.03C per W/nt at a lag of ca. 1 month in
the ECBIlt model (Weber and Oerlemans, 2003). This is con-
sistent with a linear response that is far from equilibrium, aspeferences
is appropriate for this slow modification of the seasonal cycle
(forcing period of 1yr). This value oRq, implies a quasi-  Bauer, E., Claussen, M., Brovkin, V., and Huenerbein, A.: Assess-
linear trend in the mean temperature over latitudes north of ing climate forcings of the Earth system for the last millenium,
20 N of 0.22C (May) to zero (July) te-0.25C (September), Geophys. Res. Lett., 30, 1276-1279, 2003.
while values are larger for more northern latitudes. As NH Bard, E., Raisbeck, G., Yiou, F., and Jouzel, J.: Solar irradiance
temperature reconstructions are biased toward the warm sea- during the last 1200 years based on cosmogenic nuclides, Tellus,
son and high northern latitudes, it is possible that orbital forc-Be?ZS' iS-SESr?Zytgrqrg%ariations of daily insolation and Quaternar
ing plays a r.ole. The amplltude Qf the orbital-forced trend. is cﬁm,atic changges, 3. Atmos. Sci.. 35’3/2362_2367‘ 1978, y
however difficult to establish, as it would depend on the mix-

f i d latitudinal | . fth ds i Briffa, K. R.: Annual variability in the Holocene: interpreting the
ture of seasonality ana latitudinal location of the records In message of ancient trees, Quat. Sci. Rev., 19, 87—105, 2000.

the underlying proxy network. ' o Crowley, T. J.: Causes of climate change over the past 1000 Years,
A number of feedbacks may modify the climatic re-  sgience, 289, 270277, 2000.

sponse to the solar and volcanic forcing at multi-centennialCrowley, T. J. and Kim, K.-Y.: Comparison of proxy records of
timescales. The most likely candidates are changes in surface climate change and solar forcing, Geophys. Res. Lett., 23, 359—
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