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Abstract. Studying the climate of the last millennium gives on an Arctic temperature reconstruction over past two mil-
the possibility to deal with a relatively well-documented cli- lennia. The forced variability represents at least half of the
mate essentially driven by natural forcings. We have per-temperature signal on onty30% of the surface of the globe.
formed two simulations with the IPSLCM4 climate model This study suggests that regional reconstructions of the tem-
to evaluate the impact of Total Solar Irradiance (TSI),,CO perature between 1000 and 1850 AD are likely to show weak
and orbital forcing on secular temperature variability during signatures of solar, Cand orbital forcings compared to in-
the preindustrial part of the last millennium. The Northern ternal variability.
Hemisphere (NH) temperature of the simulation reproduces
the amplitude of the NH temperature reconstructions over
the last millennium. Using a linear statistical decomposition1
we evaluated that TSI and Ghave similar contributions
to secular temperature variability between 1425 and 1850rhe study of the last millennium climate has considerably
AD. They generate a temperature minimum comparable tqncreased during the last decades because it replaces the evo-
the Little Ice Age shown by the temperature reconstructionsyion of the global temperature for the last fifty years in a
Solar forcing explains-80% of the NH temperature variabil- - yiti-centennial context, providing the necessary hindsight
ity during the first part of the millennium (10001425 AD) or 5 more comprehensive assessment of the recent climatic
including the Medieval Climate Anomaly (MCA). Itis re-  change. Studying this period gives the possibility to explore
sponsible for a warm period which occurs two centuries latery relatively well-documented climate and weakly affected by
than in the reconstructions. This mismatch implies that theanthropogenic greenhouse gases (GHGs). Before the indus-
secular variability during the MCA is not fully explained by {ria| era, natural forcings such as volcanic aerosols and solar
the response of the model to the TSI reconstruction. variability have likely dominated the forced variability of the
With a signal-noise ratio (SNR) estimate we found that Earth climate (Rind, 2002; Bauer et al., 2003; Bertrand et
the temperature signal of the forced simulation is signifi- al., 2002; Mann et al., 1998; Robock, 2000; Hegerl et al.,
cantly different from internal variability over area wider than 2007; Crowley, 2000; Gerber et al., 2003; Jones and Mann,
~5.1F km?, i.e. approximately the extent of Europe. Orbital 2004). Several temperature reconstructions covering differ-
forcing plays a significant role in latitudes higher thaiB6  ent areas of the globe are now available, ranging from multi-
in summer and supports the conclusions of a recent studyecadal to seasonal time scale. They were obtained from dif-
ferent proxy data such as tree rings (Briffa et al., 2004; Cook
et al., 2002; Esper et al., 2002; D’Arrigo et al., 2006; Os-

Correspondence tal. Servonnat born et al., 20086), fossil pollen (Bjune et al., 2004; Larocque
BY (jerome.servonnat@Isce.ipsl.fr) and Hall, 2004), ice cores (Jouzel et al., 2001; Vinther et al.,
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2008), lake sediments (Hu et al., 2001; McKay et al., 2008),to solar variability, whereas volcanic forcing is dominant on
boreholes (Gonzalez-Rouco et al., 2003a), speleothems (Tathecadal to interdecadal time scales. Same conclusions were
et al., 2003; Mangini et al., 2005) and historical documentsfound by (Bertrand et al., 2002) with the two-dimensional
(Brazdil et al., 2005). This important amount of data hassector averaged global climate model of Louvain-la-Neuve
been used to perform empirical reconstructions of Northernand by (Goosse and Renssen, 2004) with the ECBilt-CLIO
Hemisphere (NH) surface temperature over the last millen-model. But when focusing on Europe with the same set of
nium, relying on various methods to extract the hemisphericsimulations, (Goosse et al., 2006) highlighted that land use
signal (Mann et al., 2008; Ammann and Wahl, 2007; Crow- could be in a large amount responsible for the decrease in
ley and Lowery, 2000; Moberg et al., 2005; Hegerl et al., temperature between the MWP and the LIA.
2007). Those reconstructions carry however important un- Detection and attribution methods on the last millennium
certainties due to the calibration method, the type of proxyclimate give more moderated conclusions. \olcanic erup-
used and the reconstruction algorithm (Juckes et al., 2007%jons are clearly discriminated by their cooling effect at
Mann et al., 2008). Due to these sources of uncertaintiesa global scale, while the signature of solar variability on
robust conclusions regarding temperature variability for theNH temperature reconstructions before 1850 AD is more
past 1000 years have to be drawn by confronting as much resubtle, and yields the same magnitude as the response to
constructions as possible. In the Southern Hemisphere proxHGs (Hegerl et al., 2003, 2007). Internal variability due to
data are still too sparse to produce robust hemispherical tenmon-linear processes can be comparatively large especially
perature reconstructions (Juckes et al.,, 2007; Mann et alat local scale, as shown by (Goosse et al., 2006). Using
2008). a 10000years EMIC with constant forcings (Hunt, 2006)
This increasingly documented period displays prominentfound that internal processes of the model could not produce
climatic features for the last millennium such as the so-events similar to the MCA or the LIA at the hemispherical
called Medieval Climate Anomaly (MCA, firstly introduced scale.
by (Lamb, 1965) as the “Medieval Warm Epoch”) and the The role of the sun on climate variability during the last
Little Ice Age (LIA hereafter; Matthes, 1939). Those two millennium remains unclear because of uncertainties of To-
periods have emerged from historical documents relating extal Solar Irradiance (TSI) past variations. For the period pre-
ceptional conditions for agriculture for the former, or glaciers ceding the beginning of satellites measurements (1979), the
growing down in valleys for the latter. One main question TSI is typically inferred from proxy data such as measure-
concerning these identified periods is the extent to which theyments of cosmogenic isotopes, maiffiC in tree rings and
are global (or at least hemispherical) or local phenomenori®Be in ice cores (Bard et al., 2000; Muscheler et al., 2004,
(Bradley et al., 2003; Crowley and Lowery, 2000). It ap- 2007), or observations of the Group Sunspot Number (GSN)
pears that those episodes described in Europe are not aback until 1610 (Lean et al., 1995; Krivova et al., 2007).
ways present in all temperature reconstructions around th&@he former is found in long archives such as ice cores or
globe. The warmest and coldest periods of two time seriedree rings allowing to go further back in time than the GSN
can present asynchronous occurrence and differ in amplitudevhich displays however higher temporal resolution and is
when comparing one region to another (Jones and Mannable to catch the 11-year Schwabe cycle associated to sun
2004), although those differences can depend on the recorspots. The main TSI oscillations such as thé®p (~1475
struction methods (Esper and Frank, 2009). NeverthelessAD), Maunder (1700 AD) and Dalton{1800 AD) Min-
at hemispherical scale the different reconstructions seem tama are relatively well dated and constrained in proxy recon-
converge toward a relatively warm period at the beginning ofstructions, but their conversion into TSI values carries im-
the last millennium, between 900 and 1300 AD, followed by portant uncertainties (Bard et al., 2000). The amplitude of
a slow decrease in temperature reaching a minimum betweenS| secular variability is thus still under debate (Frohlich,
1600 and 1900 AD. 2009; Foukal et al., 2006; Frohlich and Lean, 2004). A
Climate models have been used to study the factors thatlecrease of about 0.25% of TSI during the Maunder Min-
could have been responsible for such climate evolution oveimum relative to present day value produces realistic am-
the last millennium. Numerous modelling experiments with plitude of the Northern Hemisphere temperature variability
different levels of model complexity such as Energy Bal- in climate models (Ammann et al., 2007). However, recent
ance Models (EBM), Earth system Models of Intermediateprogress in solar physics (Foukal et al., 2004; Solanki and
Complexity (EMIC) and General Circulation Models (GCM) Krivova, 2006) shows that multidecadal to secular TSI vari-
have been carried out to assess this variability (Jansen et alability should mainly be due to sun-spots and faculae, which
2007). Those studies show that solar variability and vol-implies amplitude of TSI variations between the Maunder
canic aerosols are the prominent drivers of the climate beMinimum and present day value (last thirty years mean) of
tween 1000 and 1850 AD at hemispherical scale. (Crowleyaround 0.1%.
2000) evaluated the role of both forcings during the preindus- In this paper we assess the impact of solar,@®d or-
trial era using an Energy Balance Model and showed that thdital forcings on surface temperature in a state of the art cou-
low frequency variability over this period is mainly attributed pled climate model during the preindustrial part of the last
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millennium to focus on the secular variability of the tem- lar Irradiance variations, GHGs concentrations and changes
perature, from the global scale to the grid point. We anal-in orbital parameters covering the last millennium, from
yse the temperature response in two millennium-long climatel000 to 2000 AD. We chose the TSI reconstruction provided
simulations achieved with the coupled model developed aby (Crowley, 2000) (Fig. 1a) which combines one record
the Institut Pierre-Simon Laplace (IPSL): one with constantderived from cosmogenic nuclides flux estimates (Bard et
preindustrial boundary conditions, and one driven by a TSlal., 2000) and another one inferred from sunspots observa-
reconstruction, GHGs concentrations and changes in orbitaions (Lean et al., 1995). The resulting amplitude of the
parameters between 1000 and 2000 AD. The contributioniT SI changes between the Maunder Minimum and present day
of each forcings on the simulated temperature variability isvalues reaches 0.25% while capturing the decadal variability
evaluated with a statistical decomposition of the temperatureof sunspot cycles. The associated mean radiative forcing in
signal allowing a quantified estimation of the forced variabil- Fig. 1a is estimated by dividing the TSI by four (distribution
ity from the local to the global scale. of the top of atmosphere flux on Earth surface), and multi-
In Sect. 2, we describe the experimental design, the cliplied by the Earth’s albedo40.7). We used the same recon-
mate model and the forcings used. Section 3 presents thstructions for well-mixed GHGs concentrations as those used
analysis of the Northern Hemisphere surface temperature iin the fourth assessment report of the Fourth Intergovernmen-
both simulations and a comparison with temperature recontal Panel on Climate Change (Jansen et al., 2007) for simu-
structions, fed by an evaluation of the contribution of eachlations of the climate of the last millennium. Only G©on-
forcing to the temperature variability in the forced simula- centration varies significantly before 1850 AD (Frank et al.,
tion. In Sect. 4 we use a signal-to-noise ratio to compare2010; Scheffer et al., 2006). The radiative forcing associated
the forced model response with the model internal variabil-with changes in C@ concentration in Fig. 1la is estimated
ity, from the global to the local scale. This work ends in with the equation of (Myhre et al., 1998). This equation gives
Sect. 5 with the discussion and conclusion. a good estimate of the first order radiative forcing of G©
the IPSL model (Dufresne, personal communication, 2009).
Tropospheric aerosols concentrations are kept constant be-
2 Experimental design fore 1850 AD and vary only during the industrial period fol-
lowing reconstructions by (Boucher and Pham, 2002). The
We used the fully coupled climate model developed at theorbital parameters were calculated annually (Laskar et al.,
Institut Pierre-Simon Laplace, IPSLCMA2 (Marti et al.,  2004) and produce a linear decrease of insolation at high lat-
2006). This model is composed of the LMDz4 atmosphereitudes in summer. The associated radiative forcing is null
GCM (Hourdin et al.,, 2006), the OPA8.2 ocean model when averaged at annual and global scale (only influenced
(Madec et al., 1998), the LIM2 sea-ice model (Fichefet andby changes in eccentricity, negligible during the last millen-
Maqueda, 1997) and ORCHIDEE 1.9.1 for continental sur-nium), but can be important when considering high latitudes
faces (Krinner et al., 2005). The coupling between the dif-and seasonal means (Fig. 1b). Finally, we estimated the very
ferent parts is done by OASIS (Valcke et al., 2000). Thelow frequency trend in the CTRL with a cubic spline func-
resolution in the atmosphere is981x19, i.e. 3.75 in lon- tion (Green and Silverman, 1994) and removed it from SGI
gitude, 2.8 in latitude, and 19 vertical levels. The ocean and CTRL for the following analyses.
and sea-ice are implemented on the ORCAZ2 grid (averaged
horizontal resolution-2°, refined to 0.3 around the equator,
31 vertical levels). For both runs, the vegetation was set t)3 Northern Hemisphere temperature
a modern climatology from satellite observation (Myneni et
al., 1997). 3.1 General behavior
We ran a 110 years spin up with preindustrial GHGs con-
centrations and tropospheric aerosols. The last year of th&he first step of this study is to evaluate the skill of the exper-
spin up is the initial state for both millennium-long simula- imental setup at reproducing the major secular temperature
tions. The first one is a 1000-year control simulation (CTRL) evolution described by the temperature reconstructions. Fig-
with the same preindustrial boundary conditions as the spirure 1c shows the Northern Hemisphere (NH) temperature of
up. The surface temperature of CTRL presents a weak drifthe simulations SGI and CTRL plotted over the reconstruc-
during the first 100 years0.11°C/100yrs), and remains tions overlap provided by Osborn and Briffa for the IPCC
stable during the following 900 years (13°C/100yrs). The  AR4 (Jansen et al., 2007). This overlap represents the con-
total heat content of the first 300 m of the ocean increasesidence interval associated to the ten NH temperature recon-
slowly during 600 yrs{0.9%), and then becomes stable, re- structions available at this time. Also shown are the upper
flecting the longer time needed for the thermal adjustment ofand lower boundaries of a set of numerical simulations from
the ocean. the IPCC AR4 (Mann et al., 2005; Gonzalez-Rouco et al.,
The second simulation (SGlI, for Solar, Greenhouse gase2003b; Jansen et al., 2007; Gonzalez-Rouco et al., 2006;
and Insolation) was forced with reconstructions of Total So-Goosse et al., 2005) and from (Swingedouw et al., 2010)
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Fig. 2. Comparisons between thee recent reconstructions of the
Northern Hemisphere surface temperature with SGI (red lines), on
the 1000-1850 AD period. The upper pa(e) shows the recon-
struction provided by (Mann et al., 2008) (blue lines), using both

Fig. 1. (a) Radiative forcing on the Northern Hemisphere of the
Total Solar Irradiance (TSI) reconstruction from Crowley (2000)
(black line), CQ (blue line) and orbital forcing (dashed line). The

total anthropogenic forcing (orange line) is the radiative forcing of land and ocean data with the EIV method. On pabglthe green

all the well-mixed greenhouse gases estimated by (Dufresne et al A
2005) and the radiative forcing of the tropospheric aerosols recon-Irnes correspond to the reconstruction of (Moberg et al., 2005), and

: o -~ the lower pane{c) shows the reconstruction of (Ammann and Wahl,
structed by (Boucher and Pham, 2002), minus the radiative forcmgzom) (bILE)e gfg lines). The thin lines are thEe 10yr-running mean
of the CQ (blue line). On the right are represented the axis giving )

the values of TSI at the top of the atmosphere ang Eahcentra- time series, sampled every ten years, and the thick lines are the cubic

tions implemented in the model. The anomalies are calculated reI-Spllne equivalentin number of degrees of freedom to a 50yr-running

ative to the 15001899 AD reference perigt) Radiative forcing zwoedan. The anomalies are calculated relative to the 1000-1850 pe-
of the downward short wave flux at the top of the atmosphere inthe ~

model at 68 N (grey line) modulated by both TSI variations and

orbital parameters (Laskar et al., 2004) and changes in insolatiorgesw2010 hereafter) chosen here because they used similar
alone (black line). The values are represented on anomalies relativi

to the 1000-2000 AD period(c) Northern Hemisphere tempera- Solar and .GHGS forcings as u.sed |n.the pr(?sent study. They
ture anomalies relative to the 1500-1899 AD reference period. Th(—f*”‘lso,take |r)t0 account volc_:anlc forcing during th.e last m_'l'
thick red line represents the SGI simulation forced by TSI, GHGs, €nnium, with a TSI damping to represent the direct radia-
anthropogenic aerosols and orbital forcing described in panel (a)tive impact of the volcanoes in IPCC AR4 simulations, or
and the dashed red line shows the complementary run VHIST orWwith a reconstruction of the optical thickness of the volcanic
the industrial period with the volcanic forcing (not shown) used in aerosols in SW2010. This allows a comparison of the NH
the ENSEMBLE project (Royer et al., 2009). The shaded area cortemperature secular variability between SGI and similar nu-
responds to the reconstructions overlap performed by Osborn angherical exercises available using a volcanic forcing.
Briffa (Jansen et al., 2007). The thin black lines depict the upper - The SGI simulation lies within the interval of the NH tem-
and lower boundaries o_f a set of numerical S|mulat|_ons tak_en fr_omperature reconstructions (Fig. 1c). It shows secular temper-
the IPCC AR4 and (Swingedouw et al., 2010), achieved with sim- 5,0 \ariapility very close to the IPCC and SW2010 sim-
ilar solar and GHGs forcing. The thin green line shows the NH . .

; . . ulations, apart from the pronounced cooling decadal events
temperature of the preindustrial control run (CTRL), and the thick .
dark green line shows the low frequency NH temperature trend esgiue to the vglcanoes, especially around 1200, 1450 and 1815
timated with a cubic spline function in CTRL. This trend has been AD- The main secular patterns of the NH temperature of SGI
removed from the SGI and CTRL NH temperature time series rep-a'€ & two-century warm period around 1200 AD, followed by
resented in this figure. All the series have been smoothed with & temperature decrease leading to the coldest period around
10-yr running mean. 1700 AD. Those warm and cold periods in SGI are identified
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as analogues of the MCA for the warm period and the LIA AD (not shown), two centuries later than in SGI, M08 and
for the cold period. Mob05. The warming simulated by the model between 1750
For a quantitative evaluation of the NH temperature vari-and 1850 AD is stronger than in the reconstructions, poten-
ability in SGI we compared our simulation with three recent tially because of the missing impact of volcanoes. After 1400
Northern Hemisphere temperature reconstructions (Fig. 2)AD, the NH temperature evolution in SGI is in better general
provided by (Ammann and Wahl, 2007) (AWO7 hereafter), agreement with the temperature reconstructions than before
(Moberg et al., 2005) (Mob05 hereafter) and the tempera-1200 AD.
ture reconstruction obtained with the Error In Variables re- The industrial part of SGI warms strongly compared to the
construction method, calibrated on land and ocean data byeconstructions and the IPCC and SW2010 simulations be-
(Mann et al., 2008) (M08 hereafter). The reconstructionscause of the missing volcanoes. We confirmed this hypoth-
show different amplitudes of temperature secular evolution,esis by running an additional simulation covering the 1850-
and reflect the important uncertainties linked to the proxy and2000 AD period (VHIST), starting from SGI in 1850 AD,
the reconstruction method used. We can infer consistent inwith the volcanic forcing (not shown) used in the ENSEM-
formation from those datasets only when a common patterBLE project (Royer et al., 2009). The resulting temperature
is identified. We smoothed both SGI NH temperature andevolution (Fig. 1c) is in better agreement with both recon-
temperature reconstructions time series with a 10-year runstructions and IPCC simulations.
ning mean and sampled every 10 years to respect the number
of degrees of freedom. We also computed an estimate of-2 Forcing signature on NH temperature

the lower frequency evolution with a cubic spline function

(Green and Silverman, 1994) with seventeen degrees of fred-0r @ critical assessment of the NH temperature variability in
dom, corresponding to-&50-year running mean. the preindustrial part of SGI we quantified the role of solar,

The variance of the ten-year smoothed SGI time serieCO2 and orbital forcings on the NH temperature variability
between 1000 and 1850 AD is 0.0%2. It lies between [N the simulation. It implies evaluating the temperature vari-

the variance of Mob05 (0.0%°2) and M08 (0.024C2) and ability due to internal processes and the part attributed to the
supports the realistic amplitude of the variability in the SG| forced variability. We hence used a statistical method based
simulation. The correlation coefficients with Mob05 and ©N 2 linear decomposmon of the t_emperature a_momaﬁlés

MO8 are 0.59 and 0.4 (p-valud0~5) respectively, and 23S the sum of the first order contributions, or signatures, of

0.18 with AWO7 (p-value:0.09). The correlation coeffi- €Xt€rnalforcingst; and an associated residual naise
cients between the reconstructions range from 0.67 to 0.8 (p- 3T
value<2.10716). The SGI simulation shows less agreementdT = Z <ﬁ>dEi +e.
with the temperature reconstructions than the reconstructions i !

between them. Following this decomposition we propose the follow-

The temperature maximum occurs around 1200 AD injng statistical linear model to describe the NH temperature
SGlI, whereas it appears around 1000 AD in the reconstrucz,amalies in the simulation SGI (Fig. 3):

tions overlap. The amplitude of the temperature variability

in AWO7 is too weak to robustly identify a centennial warm 7/(z) = C1 x TSI'(+) + C2 x [CO2] (1) + (1),

period during the MCA.. During the first two centuries of the

millennium, SGI presents a trough with a minimum around With 7 is the time index,7’, TSI' and [CQ)]’ the anoma-

1075 AD. This behaviour is also observed in the IPCC sim-lies relative to the 1000-1850 period NH temperature, TSI

ulations forced by similar TSI variability, even when repre- and CQ concentrations respectivelya = (37'/3TSI') and

senting the effect of volcanic aerosols. During the same peC2 = (37'/3[CO;]') the first order sensitivity of the model

riod Mob05 and M08 show a maximum around 1000 AD to TSI and CQ respectively, and(t) the residual noise. The

and a continuous decrease of the temperature until 1200 ADirst step is to test the null hypothesis that only one forcing

This evolution is supported by the reconstructions overlapWith an associated residual noise can explain the NH temper-

with good confidence. ature variability. We estimated; andC2 with both univari-
Between 1200 and 1700 AD, the temperature in SGI de-ate C1“¥ andC2"V) and bivariate ¢1%V andC2®V) linear

creases as in MO8 and Mob05. The NH temperature of SGregressions, following the nested regression models:

shows common extremes with the reconstructions around .,

1400 and 1450 AD and with MO8 and Mob05 around 1700dr (1) =C1% XTSI (1) +e1(0), @
AD. The cold period identified as the LIA in SGI begins T'(t) = C2YY x [CO]' (1) + £2(b) @)
around 1400 AD as well as in the reconstructions, with a

minimum around 1700 AD in SGI and M08. In Mob05 the T’(r) =C1BY x TSI'(1) + C2BY x [COa] (1) + £3(t) (3)

temperature evolution shows a similar shape as SGI between . . _ )
1400 and 1850 AD, but the minimum occurs around 1500We calculated the signatures associated with T§Y =
AD in Mob05. In AW07 the coldest period occurs after 1850 C1YY xTSI'(t)), CO, (S5°% = CYV[COI'(1) ), the total
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Table 1. Variances of the Northern Hemisphere temperatiieirf
SGl and the signatures of solai§ and CG (S») forcing estimated

J. Servonnat et al.: Influence of solar variability,.GDd orbital forcing

Table 2. Sensitivity coefficients to solar’fj) and CQ (C») es-
timated on the Northern Hemisphere temperature in SGI, on the
whole preindustrial period, the MCA and the LIA. The indices UV

on the whole period, the first part (1000-1425 AD) and the secondand BV denote the methods to estimate the coefficients, i.e. univari-

part of the millennium (1425-1850 AD). The indices UV and BV

ate and bivariate regressions, respectively.

denote the methods to estimate the coefficients, i.e. univariate and

bivariate regressions, respectively.

1000-1850 1000-1425 1425-1850
(MCA) (LIA)
var(T’) x 102 1.9 1 1.2
var(syV)x10-2 1.1 0.78 0.34
var(syV)x10-2 0.7 0.06 0.32
var(s8V)x10-2 0.8 0.85 0.49
var(s5V)x10-2 0.4 0.005 0.45
var(Stot) x 10~2 15 0.9 0.77

signature §ior = SéTS') + SéCOZ)), with S3(TSh = 4BV x
TSI () and $3(€%2) = C,BY x [CO,] and their correlation
coefficients with the temperature anomaligsto evaluate
which model performs the best in reproducing the NH tem-

perature variability of SGI. The variances of the signatures

are reported in Table 2. We calculated the linear regressio

coefficients between the residuals associated with the uniz

variate models shown by Eq. (1) and Eq. (2) and the, CO
and TSI time series respectively to verify if a significant sig-
nal corresponding to a neglected forcing is detected. Finall
we estimated the slope of the residugj$o detect a possible

trend in temperature associated to changes in insolation du

to orbital forcing. We applied those analyses over the whol
1000-1850 period, the first part of the millennium enclos

ing the MCA (between 1000 and 1425 AD) and the second
part assumed as the LIA (1425-1850 AD). The results are

reported in Table 1.

On the 1000-1850 period, the termg Sh andSéCOZ) ex-
plain 59% and 36% of the total variance 6f. The cor-
relation coefficient otSiTS') with T’ is 0.76 while between

SéCOZ) and T’ the value is 0.6. The residuads andey are
significantly (99.5% level) correlated to [GD and TSI’ re-

n

1000-1850  1000-1425  1425-1850
(MCA) (LIA)
cYVeecwm?)  0.117:0.011 0.13:0.01 0.02:0.02
oYV (°Clppm) 0.029:0.004 0.04-0.01 0.016:-0.004
Cc1BY(eC/wm™2)  0.10+0.009 0.13-0.02 0.08:0.01
C,BV(°Clppm) 0.022:0.003 0.003:0.008 0.019-0.003

value~0.01), confirming that orbital forcing can be neglected
at hemispherical scale in annual average. The first order
sensitivity of the NH temperature in the model to TSI vari-
ability and CQ for the total preindustrial period estimated
with bivariate linear regression &2V = 0.10° C/W/n? and

CBY =0.0022C/ppm, respectively. The separated signa-

tures of the bivariate modé]éTS'), SéCOZ) and the residuals
£3 explain respectively 45, 20 and 22% of the total variance.
The covariance term due to both solar and,@@cings (2x
cov(SéTS'), (Séco”) is equivalent to 13% of the total variance
of T’. Thees residuals and the NH temperature anomalies of
the CTRL simulation have similar variance and covariance.
The bivariate model (3) is in very good visual agreement
with SGI (Fig. 3), which gives good confidence on the ro-

bustness of the decomposition with the statistical model held

yby Eqg. (3). We infer that on the whole 1000-1850 AD pe-

riod the response of the model to the forcings dominates the
NH temperature signal in the SGI simulation, and that the

E‘"I'SI variability has a stronger influence than the variations in

CO, concentration. This model also estimates that 13% of
the total variance of”’ is due to the joint contribution of TSI
nd CQ.

We repeated the analysis on the first part of the millen-
nium covering the MCA. The estimates 6F¥ andC53" on

the 1000-1425 AD time interval give a significantly greater
value forCBV (0.13°C/Wm~2), andC8V is not significant
(0.005°C/ppm, pvalue> 50). The correlation between TSI’
and7’ is 0.86, and 0.6 between [GPand T’. The variance

a

spectively and the corresponding regression coefficients lief the SignaturFSiTSI) corresponds to 79% of total variance,

between the confidence intervals of the coefficiéfffg and
cBv.

It shows that only one forcing is not enough to explain the
total forced variability in the simulation. The null hypothesis
held by Eq. (1) and Eq. (2) is thus rejected when considerin
the full preindustrial period. The variance explained by the
term in Eq. (3) represent 78% of the total varianc& gfwith
a correlationr=0.88 (p-value2.10°16). The slope of the
residuals:z is —0.08°C/1000 yr and is poorly significant (p-
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versus 88% for the total signatufig;;. The variance of the
signature of CQis weak in front of the variance of the sig-
nature of TSI, indicating that the null hypothesis represented
by Eq. (1) is verified. This analysis clearly shows that solar
orcing dominates the NH temperature variability in the first
part of the simulation.

During the second part of the millennium (LIA), the vari-
ance of the signatures of the univariate mod%l(lgs') and

Séco” are equivalent to 82 and 79% of the total variance of
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Fig. 3. (a) Surface temperature anomalies relative to 1000-1850 AD reference period averaged over the Northern Hemisphere in SGI, on
annual mean (grey line). The thick black line is the ten-year running mean applied on the annual averages, sampled every ten years to kee,
the number of degrees of freedom. The same treatment is done on the CTRL simulation, drawn on g(by Blngerprints of solar (red

lines) and CQ blue lines) forcings, estimated with univariate (dashed lines) and bivariate linear regressions and anomalies of Tgl and CO
concentrations relative to the 1000-1850 AD period. The fingerprint of both solar apdo@hgs together is represented by the dark red

line. The black thin line shows the 10 yr-running mean of the NH temperature of SGI presented on p&egHRiagerprint of both solar

and CQ forcings together (dark red line). The residuals corresponding to SGI minus total forced fingerprint are represented by the green
line. The light shaded area shows the interval corresponding to 1 standard deviation (SD) of the residuals, and the dark shaded area depict
the £2SD of the residuals. The black line plotted over is the ten-year NH temperature of SGI presented on panel (a).

T’ respectively. BothSiTS') and Séco” are less correlated To complete this analysis, we have computed the bivariate
to 7’ than on the whole preindustrial period (0.52 for TSI linear regression betwedi and both forcings taking into ac-
and 0.49 for CQ) because they vary in opposite direction count alag to catch a possible memory of the climate system.
between 1450 and 1700 AD and are significantly detectedrhe coefficients obtained (not shown) show maximum values
during the LIA. The solar forcing signal is detected with a when the forcings precede the temperature by one to three
significanthV coefficient ing; as well as the C®signal in decades, highlighting a memory effect likely attributable to
€1. The null hypothesis of either model (1) or model (2) is the heat capacity of the oceans. However, the maximum co-
rejected. The estimates 68Y andCBY give s{'>" , 5% efficients lie in the confidence interval of the first estimate of
and Syt terms that correspond to 39, 36 and 61% of total C£¥ andC5Y . Taking into account a memory parameter in
variance, with a negative covariance term equivalent to 13%he statistical model held by Eq. (3) would not change dra-
of 7' total variance. The correlation between the total finger-matically the part of the total variance attributable to solar or
print Syt and 7’ is 0.78. This confirms that solar and g0 GHG forcing.
together explain the NH temperature variability in SGI dur-  The NH temperature in the SGI simulation shows a vari-
ing the LIA better than one forcing at a time. The variance of ance close to NH temperature reconstructions and IPCC sim-
the residualg s corresponds to 38% of the total variance of ulations achieved with comparable secular forcings. The re-
T’'. The decomposition of’ with the bivariate model (Eq. sponse of the model to the forcings on the whole preindus-
(3)) between 1425 and 1850 AD attributes a lower part of thetrial period is mainly linear. The LIA is driven at first or-
temperature variability to the external forcings than on theder by both TSI and C®and the minimum around 1700
whole preindustrial period or the first part of the millennium. AD is similar to the minimum identified in reconstructions.
The evolution of the temperature during the first part of the
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Fig. 5. Signal-Noise Ratio (SNR) calculated as a function of the
spatial scale with the ratio of variance between the temperature in
SGI and the CTRL described in Sect. 4. On the upper x-axis is
the extent of the surface associated with the SNR. The lower x-
axis gives references of geographic dimensions. The black, blue
and red lines represent the SNR calculated with temperature time
series smoothed with a 51, 31 and 11 yr running mean respectively.
The black, blue and red dashed lines represent the 99th quantile

the bluetraight lines, and the step in the algorithm. The surface of the Fisher distribution with 17, 28 and 85 degrees of freedom

temperature time series are averaged over all the individual areas t%mf) equwalgnt 0 the number of dof .Of a 850-year Iong_ time series
calculate the SNR. smoothed with 51, 31 and 11 yr-running mean, respectively.

Fig. 4. Second to fifth step of the algorithm cutting the surface of
the Earth in individual areaVv is the number of areas delimited by

millennium, at~80% linearly driven by solar forcing in SGI, 2SSess the response of the IPSLCM4 climate model to solar,
appears to be different from the reconstructions, with theGHG and orbital forcings at spatial scales ranging from the

warmer period occurring two centuries later than in most of9/0P€ to the individual cells of the model grid. _
the records. The next analysis estimates the characteristic spatial scale

under which the temperature variance of our forced simula-
tion SGI is comparable to the corresponding variance of the
CTRL run, i.e. the model internal variability. We propose an

estimate of the ratio between the variance of the temperature

We have seen in the previous section that the Northern Hemil? SGl and in the CTRL as a function of the spatial scale con-
sphere temperature in the SGI simulation is driven at 78% bysidered, based on the additivity of the variance. We split the
the model response to the forcings, mostly represented byurface of the globe inv areas, and compute the tempera-

TSI variability. We now check whether this can be trans- ure time series averaged over thdéareas for both the SGI

posed to small geographical scales. The relative importanc@nd the CTRL simulations. We then estimate a signal-noise
of forced and internal variability in a temperature signal de-ratio (SNR hereafter) defined as the ratio between the sum
pends on the radiative perturbation imposed as well as the in@f the variances of th¢/ temperature time series in the SGlI
fluence of internal processes on the considered area. Oceafilmulation and the sum of the variances of the corresponding
atmosphere dynamics such as the Hid\Bouthern Oscilla-  time series in the CTRL, weighted by the root mean square of
tion (ENSO) in the Pacific Ocean or the North Atlantic Os- their associated areas, for thetep needed to cut the globe
cillation (NAO) over the North Atlantic sector are sources IN individual grid point with the cutting algorithm:

of important temperature variations that can be detected at N

the hemispherical or continental scale, while local processeg ) — >i (varTsgli) X )
involving meteorological phenomenon mix the signature of Z,N(S)VaF(TCTRL,i) X Q

global forcings with a noise inherent to the climate system.

All those internal processes are more or less independentyhereq; is the surface of the ith area on which the temper-
and their influence on the signal tends to vanish when averature time series of SGlsg|; is averaged, and véfsg;)
aging the temperature over large extents. In this section wehe associated variance. The variance of the numerator is

4 Multiscale signature of the forced variability
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Fig. 6. First order sensitivity of the temperature in SGI to TSI variability estimated?%\/ expressed iRC/WmM—2 (a, b, c) to CO, by

cBv expressed ifC/ppm(d, e, f), and slope of thes residuals corresponding @3 expressed iffC/1000yr(g, h, i). Those coefficients

are calculated for annual (a, d, g), summer (b, e, h, June-July- August) and winter (c, f, i, December-January-February) averages. The white
areas represent the grid points where the coefficients are not significant at 99.5% (Stesgnt

considered as significantly different from the variance of thethe smoothing applied on the time series. The slopes of the
denominator when the SNR is greater than the 99th quantil&SNR curves are too low around the significance level to deter-
of the Fisher distribution with a number of degrees of free-mine the dependence between the characteristic spatial scale
dom equivalents to the number of degrees of freedom (Vorand the frequency of the variability (smoothing) considered.
Storch and Zwiers, 2001) of the time series. The cutting al-For a given spatial scale, the SNR is higher with the lower
gorithm is illustrated in Fig. 4. The first estimate of the SNR frequency time series because of the frequency of the forc-
is done with the global meaN 1) =1. We then split the ings imposed. The characteristic spatial scale of detectabil-
Earth by the equator for the second estintdte-o) =2. The ity of the forced signal is 5.8km?, between the extent of
hemispheres are then separated in two parts for the third stefiustralia and Europe.
Ns=3 =4. The following steps consist in splitting every  This first approach invites us to go deeper in the details of
area of the previous step by the middle of its sides to obtairthe sensitivity of the model in SGI around the Globe. The
the next four zonesN=;) =4 x N(;=i—1)), until reaching  next step is to assess the local sensitivity of the model to
the grid point. The spatial scale of a given step is calculatedsolar, GHGs and orbital forcings. For every model grid point,
by computing the average of the extents of all the sectorswe apply the statistical decomposition (3) used to describe
We estimate the SNR with time series smoothed with eleventhe NH temperature in the previous section, and add a term
yeatr, thirty one-year and fifty one year running mean to testcorresponding to the influence of orbital forcing:
the sensitivity of the ratio to the frequency of the variabil- ..., / /
ity considere)cli The results are sho(\?vn in )I/:ig. 5. The SNRT (1) = C1xTSHO) +C2 X [CO (O +Co x +1+e4 ®)
is maximum at global scale and minimum at the grid point with Cz the slope of the residuals, attributed to the linear
scale. It is high at the hemispherical scale as inferred fromchanges in insolation, and, the residual noise of Eq. (5).
previous section. It shows a continuous decrease and reachd§e decomposition is done on annual, winter (December-
the significance threshold between 3 and Yk@?, for all ~ January-February, DJF hereafter) and summer mean (June-
July-August, JJA hereafter) on series smoothed with an
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Fig. 7. Percentage of temperature variance explained at first order by the terms in Eq. (4) corresponding to the fingerprints of solar (d, e,
f), CO> (g, h, i), and orbital (j, k, 1) forcings, and of all the forcings together (m, n, 0). The white areas depicts the grid points where the
fingerprints explain less than 5% of the total variance of the temperature at the given grid points, or where the regression coefficients shown
on Fig. 5 are not significant at 99.5%. The upper panels (a, b, ¢) show the temperature variance of the ten-year smoothed time series used i
this study. All those diagnostics are done on aniaat, g, j, m), summet(b, e, h, k, n)and winter averagedg, f, i, |, 0).

eleven-year running mean, sampled every ten years, so thaignificant and the white areas in Fig. (7) show where the
the analysis focus on decadal and longer variability. The rewvariance of the signatures explain less than 5% of the total
gression coefficients (Fig. 6) measure the first order sensitivvariance at the grid point. This means that the temperature
ity of the temperature to the forcing€{is in°C/Wm~2and variability is dominated by internal processes or that the tem-
C2isin°C/ppm). perature variance is mainly explained by another forcing.
Additionally we evaluated the percentage of the total vari- The sensitivity patterns (Fig. 6) associated with TSI and
ance of temperature at every grid point associated to the sigeO, show the highest values in the Polar Regions. This is
natures of the forcings in Eq. (4) (Fig. 7), as done in Sect. 3likely due to the albedo feedback associated with sea-ice, es-
for the NH temperature. The white areas in Fig. (6) repre-pecially in the Northern Hemisphere. The differences in sen-
sent the grid points where the regression coefficients are nditivity to TSI and CQ between JJA and DJF can be partly
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Fig. 8. Comparison between the Arctic summer temperature reconstruction provided by (Kaufman et al., 2009) (grey and black lines) and
SGI. The orange and red lines show the summer mean in SGI. The blue lines show the residuals calculated as the summer temperature tim
series in SGI, minus the signatures of TSI and,G@quivalent to thesz residuals in Eq. 3). The grey, orange and light blue thin lines
represent the ten-year smoothed time series of (Kaufman et al., 2009), SGI summer mean and SGI summer residuals, respectively. The thic
black, red and blue lines show the linear regressions associated with the summer temperature time series of (Kaufman et al., 2009), SG
summer mean and SGI summer residuals, respectively.

explained by the latitude-months forcing patterns associatedbwer impact in the Arctic despite higher sensitivity values.
with variations in TSI and CQ as illustrated in (Govin- It explains more than 10% of the temperature variance over
dasamy et al., 2003) and (Dufresne et al., 2005). most of the continents on annual average, in North and South
The sensitivity to TSI €1) is important in the tropics America, Africa, and Southern Asia. It is weakly significant
(~0.2°C/Wm~2) and of comparable amplitude on annual, Over Europe on annual average and winter, and the variance
summer and winter averages likely because the solar radif its signature can reach 25% of temperature variance in
tive forcing is almost constant with the seasons in this regionsummer. At mid-latitudes, the variance explained by solar
In the Northern high latitudes, the model sensitivity to solar forcing in winter and summer follows the associated sensi-
forcing shows strong differences between summer and wintivity patterns.
ter, reflecting the seasonal dependence of solar forcing with The signature pattern of GClollows the C, sensitivity
the latitude. pattern. It reaches25% of the temperature variance in the
The sensitivity to CQ shows less contrasted patterns be- Polar Regions and Europe on annual averages-&$o of
tween summer and winter in high latitudes than sensitivity tothe temperature variance over Eastern Asia on summer aver-
TSI variations. This is consistent with the weaker seasonahges. It shows a weak signature in the tropical areE006
cycle of the CQ radiative forcing in the Arctic region. of the temperature variance).

In the Southern Hemisphere the ocean-atmosphere-sea-ice The higher values of the variance of the signature of or-
dynamics around Antarctica generate important decadal tdital forcing follow the strong values of th€;s coefficient,
multi-decadal variability and the significant coefficients are and occur during summer in North Africa and in the Arctic
restricted to small areas. region. This behaviour reflects the latitudes where the orbital

The slopeCs shows the higher values in the Northern forcing has the biggest amplitude since the changes in the
Hemisphere during summer and the highest values in th@rbital parameters modulate essentially the solar input in the
Arctic. On annual and winter mean th@ values do not  Polar regions during their respective summer.
show any latitudinal coherence, denoting that those trends we have compared the temperature of the SGI simula-
are probably not linked to orbital forcing. tion to the summer temperature reconstruction over Arctic

The temperature variance in SGI (Fig. 7) is the strongest(>65° N) of Kaufman et al. (2009) (K09 hereafter). They
in the high latitudes as well as the sensitivity to TSI,£0O found that their temperature record was following a linear
and orbital forcing. The amount of variance explained by thedecrease that they attributed to changes in insolation due to
signature of solar forcing in SGI is not strictly following the the precession of the equinoxes during the last two millen-
values of sensitivity to TSI variability. The temperature vari- nia. We calculated the annual and summer temperature above
ance in the equatorial band is particularly affected by solar65° N in SGI (Y65 and S65), and applied the same smooth-
forcing because solar irradiance is high around the equatoing as in KO9. We also removed the linear contributions of
The signature of TSI explains more than 50% of the tem-TSI and CQ from the two time series calculated in SGI
perature variance in the Western Pacific Ocean (Warm Pool}o focus on the signal due to orbital forcir@ x ¢ (Yese3
the Indian Ocean and the Equatorial Atlantic Ocean. It hasand Sgse3. Finally we estimated the slope of each time
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the forcings (Eqg. 4) represents more than a given percentage
of temperature variance (Fig. 9). On annual average, there
is only ~30% of the surface of the Earth where at least 50%
of the temperature variance is explained at first order by all
the forcings used in SGI. Solar forcing represents the biggest
part of the forced signal on the widest extent compared to the
other forcings, on annual, summer and winter average. On
' ' ‘ ' ‘ ‘ ‘ ‘ summer averages, orbital forcing explains more than 10% of
1020 %0 40 50 60 T0 80 temperature variance over 10% of the surface of the Earth.
The signature of C®represents more than 5% of the total
variance of temperature on only 20% of the surface of the
Earth, on both annual and summer averages. We detect the
total forced signal £10% of the total variance) on annual
and summer average o#/0% of the globe. On annual aver-

o J T age,~10% of the surface of the Earth is largely dominated by
the total forced signalX80% of the total temperature vari-
ance), in a similar proportion than the NH temperature of
(c) Winter SGI.

We found that the characteristic spatial scale to detect a
forced temperature signal significantly different from inter-
nal variability is~5.1¢ km?. The sensitivity to TSI and CO
is the highest in the polar regions, especially in the Arctic.
The solar forcing explains-50% of the temperature vari-

10 20 3 40 50 60 70 80 ance in the tropics. Its signature is dominant compared to
% Earth Surface CO; in both spatial extent and amplitude. Orbital forcing
has a significant signature in the Arctic summer temperature

Fig. 9. Percentage of Earth surface (on x-axis) where the variance&Nd supports the conclusion of K09. Half of the temperature
of the signatures of the forcings used in SGI explain at least the pervariance is explained at first order by forced variability on
centage of temperature variance represented on y-axis. This diag~30% of the Earth’s surface.

nostic is represented for solar (red line), £@®Ilue line) and orbital

(orange line) forcing and for all the forcings together (black line).

The horizontal dashed lines underline 25 and 50% of temperatur® Discussion and conclusion

variance.
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We have performed two millennium-long simulations with
the IPSLCM4 climate model to evaluate the impact of To-

series, including the temperature reconstruction of K09 be+a| Solar Irradiance variability, Cand orbital forcing on
tween 1005 and 1845 AD. The time series are represented ifémperature during the last millennium. The SGI (Solar,
Fig. 8. The slope estimated in K09-0.65+:0.1°C/1000yr)  Greenhouse gas and Insolation) simulation reproduces well
lies between the slope of Y65-0.5+0.12C/1000yr) and  the temperature evolution during the last millennium around
S65 (-0.85£0.122C/1000 yr) time series. With the time se- the LIA. The amplitude of the NH temperature secular vari-
ries Yeses and Seses, we found no significant slope for the  apjlity is in agreement with both temperature reconstructions
former (—0.2+0.1°C/1000yr) and £0.52+0.9°C/1000yr)  and previous simulations (IPCC AR4 and SW2010) using
for the latter. This last result is close to the Slope found with similar solar and C@ forcings but tak"']g into account the
K09 and underlines the important impact of orbital forcing jmpact of the volcanoes. We found an important difference
at high latitudes in summer during the last millennium. It is petween the reconstructions and SGI between 1000 and 1200
however negligible on annual and winter average in SGI aszp, which also appears in the IPCC AR4 simulations.
seeninFig. 7. We applied a linear statistical decomposition of the NH

All the forcings together explain up te70% of the tem-  temperature before 1850 AD to evaluate the contribution at
perature variance on annual and summer averages over thgst order of the three forcings used on temperature variabil-
equatorial area. Half of the temperature signal in the Arcticity at hemispherical scale. This decomposition demonstrated
is explained by the forced variability. The total forced signal good skill at reproducing the NH temperature variability of
is found almost everywhere over land and explains in majorthe SGI simulation. We found that 80% of the NH tempera-
ity between 20 and 50% of temperature variance. ture variance is attributed to the forced variability, dominated

We synthesize the global information of Fig. 7 by comput- by solar forcing. The first part of the millennium showing
ing the percentage of Earth’s surface where the signature ahe MCA in the simulation is driven only by TSI variability.

Clim. Past, 6, 445460, 2010 www.clim-past.net/6/445/2010/



J. Servonnat et al.: Influence of solar variability, £&hd orbital forcing 457

On the second part of the simulation (after 1425 AD),»,CO necessary to reconstruct temperature during the last millen-
and TSI explained equivalent proportion of NH temperaturenium over sufficiently large spatial extent to capture a tem-
variance. This result shows a similar implication of £ perature signal significantly affected by the forcings. The
temperature variations during the LIA as found by (Hegerl etproxies used to reconstruct the temperature like tree rings,
al., 2007). pollens or lake sediments are sensitive to the summer sea-

The mismatch during the beginning of the millennium is son when the temperature signal is the most affected by the
potentially due to uncertainties on the initial state of the forcings in SGI. This study highlights areas where the tem-
ocean and uncertainties in the reconstructions. Neverthelespgrature variance is dominated by the forced signal. It will
we can have a critical view on the experimental setup. Thebe extended to other climatic simulations on the last millen-
mismatch implies that the secular variability of the NH tem- nium taking into account a reconstruction of the optical depth
perature reconstructions during the MCA is not explained byof volcanic aerosols (Gao et al., 2009) with IPSLCM4 and a
the response of the model, mainly linear, to the TSI recon-simulation performed with another coupled GCM (SW2010).
struction. The use of a TSI reconstruction presenting lowerA next step will consist of using a coupled GCM with a finer
amplitude will decrease the difference between reconstrucvertical resolution in the stratosphere and interactive ozone
tions and simulations during this period, but will also weaken chemistry (Shindell et al., 2001; Meehl et al., 2009) allowing
the temperature decrease between the MCA and the LlAa dynamical response of the model to solar forcing.

Lower amplitude of the secular temperature variability would  Our study shows that the role of solar variability on sec-
be in better agreement with NH temperature reconstructionsgilar temperature evolution during the last millennium is still
as AWO07. not fully understood, especially during the MCA. There is a

The IPCC AR4 and SW2010 simulations taking into ac- need for more complete spatial coverage of proxy records,
count the impact of the volcanoes show secular NH temperfocused on strategic locations where the signal of external
ature evolution very similar to SGI. Volcanic forcing seems forcing should be important compared to internal variability.
to have a weak impact on secular NH temperature variability
compared to the solar forcing used in SGI and IPCC AR4zcxnowledgementsThis work was supported by the ANR
simulations shown, i.e. with a TSI mean value during the ESCARSEL project. The authors would also like to credit the
Maunder Minimum 0.25% lower than modern value. With contributors of the R project.
lower amplitude of TSI variability, the influence of cumu-
lative eruptions on secular temperature variability would beEdited by: M. Claussen
different (Ammann et al., 2007; Gao et al., 2009; Hegerl et
al., 2007).

We evaluated the significance of a variance ratio betweer
the SGI simulation and the CTRL simulation with an esti-
mate of a signal-noise ratio dependant on the spatial scal
considered. We found that the temperature signal of the
forced simulation SGI is significantly (99% level) different
from internal variability for area wider than5.10f km?,

i.e. an extent equivalent to Europe. This characteristic spaThe publication of this article is financed by CNRS-INSU.
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