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Abstract. A simulation of the last millennium is compared 1 Introduction

to a recent spatio-temporal reconstruction of summer tem-

perature over Europe. The focus is on the response to solar

forcing over the pre-industrial era. Although the correlation The projections of the coming century under increasing an-
between solar forcing and the reconstruction remains smalithropogenic forcing show that one of the largest warming in
the spatial regression over solar forcing shows statisticallysummer is likely to occur in the Mediterranean area (Chris-
significant regions. The meridional pattern of this regressiontensen etal., 2007). This is mainly related to a local feedback
is found to be similar in the model and in the reconstruc- (Seneviratne et al., 2006) and to a change in the large-scale
tion. This pattern exhibits a large warming over Northern circulation with a northward shift in the jet stream and the
and Mediterranean Europe and a lesser amplitude respongglbsidence regions (Yin, 2005), which may be larger with
over Central and Eastern Europe. The mechanisms explaiﬁhe increase in the vertical resolution of the atmosphere mod-
ing this pattern in the simulation are mainly related to e\,ap_els and their representation of the stratosphere (Scaife et al.
otranspiration fluxes. It is shown that the evapotranspiration2012). This leads to an anisotropic response of summer tem-
is larger in summer over Central and Eastern Europe wheP€rature over Europe to a change in radiative forcing even for
solar forcing increases, while it decreases over the Mediter@n isotropic forcing.

ranean area. The explanation for the evapotranspiration in- The local positive feedback implies a land-atmosphere in-
crease over Central and Eastern Europe is found in the interaction: in relatively dry regions, an increase in surface
crease of winter precipitation there, leading to a soil moisturet€mperature decreases the soil moisture reservoir so that the
increase in spring. As a consequence, the evapotranspiratigivapotranspiration is partly replaced by sensible heat flux
is larger in summer, which leads to an increase in cloud covethat warms the soil in place of the cooling associated with
over this region, reducing the surface shortwave flux therdhe latent heat flux from evapotranspiration (Seneviratne et
and leading to less warming. Over the Mediterranean area@l-» 2006; D'Andea et al., 2006). Under global warming, this
the surface shortwave flux increases with solar forcing, thgnechanism leads to the existence of a transitional zone over
soil becomes dryer and the evapotranspiration is reduced iFurope, located between 40 and®80 where the moisture
summer leading to a larger increase in temperature. This efavailability allows to avoid the inception of the positive feed-
fect appears to be overestimated in the model as compared #fck (B@ and Terray, 2008). Nevertheless, there is a very
the reconstruction. Finally, the warming of Northern Europe l2rge spread among the models concerning the location of

is related to the albedo feedback due to sea-ice cover retredffis zone, illustrating the sensitivity of this mechanism to
with increasing solar forcing. climate models parameterisation and the necessity to con-

strain them through observations. Evapotranspiration is ac-
tually the key variable that controls this transition zone. This
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is a complex flux that couples both the energy and water bud- Loterbocer (<r=§,§)>
. r (Crow — Guiot et al. (r=0.
get of the soil. — Solor (Crowley) _ CNRM—CM3 (r=0.53)

The uncertainty for the summer evapotranspiration re-
sponse of models participating in IPCC-AR4 necessitates 81 r
evaluating their sensitivity to change in radiative forcing for 1
past periods over sufficiently long time scale. Using recon- .o L ‘
I

struction of the last few decades is a possibility, but analysing , I‘ M L!. ‘ ;

longer time scale will certainly help to filter out the signa- = | I.L-W,.,IVWI;II,!WJ! il ,!.ﬂ,l TN h“‘.\mxm‘ﬂ\j’ﬁfa Ul

ture of internal climate variability. The last millennium, with VAL 'v‘i‘]“wi]wll “ f i‘ il il‘l‘ I
] | )

well-documented variations in solar forcing (although uncer- h
tainties remain concerning its amplitude) appears to be anin- %4
teresting candidate. Hunt (2006) actually shows that climate 1 r
variability over this period could not be explained only by  -0s0 . . . ;
the internal variability of a climate model, but needs exter- e 1900 o 1700 o0

nal forcing. Hegerl et al. (2011) confirm the importance of _ _ .

external forcing for the temperature variability over Europe F19- 1. Time series of the summer (April to September) European
for the last 500yr. They also show that these forcings are"€2" temperature (irC) filtered with a 13 yr cutoff value. In black
mainly detectable in winter and less in summer, notably be_ls the reconstruction from Guiot et al. (2010), in green is the re-

d . involved in wi d | | Iconstruction from Luterbacher et al. (2004) and in red is the sim-
cause dynamics are involved in winter and not only pure 0Caljation from the model CNRM-CM3. In blue the mean radiative

radiative forcing. Moreover, they question the detectability of forcing from solar variations (in W m2) is represented from Crow-

solar forcing in summer over this 500-yr time frame. ley (2000) with its own axis in blue on the left. The spatial average is
In this study we propose to evaluate the summer temperacomputed over the region 10V-60° E, 25° N-75° N in the Guiot

ture response of a particular climate model to low frequencyet al. (2010) reconstruction and in the model and over a smaller re-

solar variations during the last millennium and compare it togion (10 W=4C E, 35 N-70° N) for the Luterbacher et al. (2004)

a new reconstruction of summer temperature over Europe fofeconstruction.

this millennium time frame.

here. The scaling used in this simulation can be considered

2 Experimental design as a large one.
This simulation correctly simulates the large-scale varia-

We analyse a simulation of the last millennium using thetions of the annual mean Northern Hemisphere temperature
CNRM-CM3 coupled model (Salas-&la et al., 2005). This  since it falls within the range of reconstructions at the hemi-
model is based on the coupled core formed by ARPEGEspheric level (Swingedouw et al., 2011). This simulation also
Climat version 4.6 AGCM (Gibelin and &jwe, 2003) and  exhibits multidecadal variations for the North Atlantic Oscil-
OPA 8.1 OGCM (Madec et al., 1998), including a sea-ice lation in winter and for the AMOC that are modulated by the
model, GELATO2 (Salas-Klia, 2002). The horizontal reso- forcings. While Swingedouw et al. (2011) focused on winter-
lution is around 2.8in the atmosphere and 2n the ocean  delayed response to solar forcing, here we will concentrate
(with higher resolution around the equator). There are 31 lev-on the response to solar forcing over Europe in summer and
els both in the ocean and the atmosphere. The millenniunin phase with solar variations (lagged responses indeed pro-
simulation using this model is described in detail in Swinge-duce lower statistical significance in summer over Europe in
douw et al. (2011). It uses most of the known external forc-the simulation, not shown). For this purpose, we compare
ing (solar, volcanoes, C. The Total Solar Irradiance (TSI) this simulation with the spatio-temporal reconstruction over
variations are deduced from the Bard et al. (2000) reconstrucEurope (10 W-6C° E, 25 N-75° N) for summer (April to
tion and we use the scaling from Crowley (2000). The ampli- September) temperature from Guiot et al. (2010), based on
tude of the solar forcing variations for the TSI reconstruc- different proxies (mainly tree rings and pollen reconstruc-
tion that we use represents a 0.24 % decrease of the medions) covering a large part of Europe.
TSI between present day and the Maunder Minimum. While  To compare the fingerprint from solar forcing in the sim-
changes in solar forcing may concern the whole spectrum ofilation with this reconstruction, we interpolate the summer
solar irradiance (Gray et al., 2010), we do not account for thisdata from the model onto the grid from Guiot et al. (2010)
effect here. Other impacts, like the response of stratosphericeconstruction. Then, we use regression analysis of the tem-
ozone is also not accounted for and we only consider in theperature for each point on the TSI variability (represented in
radiative forcing from the TSI. Moreover, there is a lot of de- Fig. 1). To minimise the climatic signature of the volcanoes
bate concerning the magnitude of TSI changes in the pastnd of the interannual variability, we apply a low pass Lanc-
with reconstructions considering smaller (Vieira et al., 2011) zos time-filter (Duchon, 1979) to all the fields analysed here-
or larger (Shapiro et al., 2011) magnitude than the one usedfter, with cut-off values of 13 yr. This technique does not
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allow filtering out the low frequency effect coming from the a) Guiot et al.
volcanoes (illustrated in Ott&ret al., 2010) and detected for Lo
instance by Hegerl et al. (2007). Indeed, solar minima some- . |
times occur concomitantly with volcanic eruptions (Ammann -
et al., 2007) as for instance in the Dalton minimum and the P
Tambora eruption. Nevertheless, solar and volcanic forcings>35N -Q%
are not well correlated because they contain very different .
spectral features. Thus, we make the assumption that the pro ., | *

posed regression mainly captures the response of the low
frequency coming from the solar forcing. This assumption .
remains a weakness of the present paper, but due to com®™ = .

putation cost, we could not provide a simulation with only 1 V\ %‘m_ o
solar forcing using CNRM-CM3. In order to further evalu- 25 S s 0000 =u 0\ L) ’
ate this assumption, we have performed similar regressions 10w 0°  10°%®  20°%E  30°%  40°%t  50°%t  60°
to what is shown later but we have excluded the 11 yr fol-
lowing eruptions larger than Pinatubo; we found very similar
patterns (not shown). The statistical significance of the corre-
lations and regressions computed in this study are estimate(%>™
by using a “random-phase” test that accounts for the serial
correlation effect due to the low-pass filtering of the recon- ssey
struction (Ebisuzaki, 1997).

- x = =
x x X ; i
" X x
T T

C_ 1.2

b) CNRM—CM3
|

-0.8

3 Results

The evolution of summer temperature averaged over the™™" 2
whole Europe is represented in Fig. 1. For the period 1001—
1860, the standard deviation is 022 in the reconstruction  25°N
and 0.18C in the model. The correlation between the two

time series is only of 0.25 (statistically significant at the 95% rig 2 (a)Spatial regression of the summer temperature from Guiot
level). Indeed the simulation misses high amplitude varia-et al. (2010) on the solar variations (€/W m~2) for the period
tions especially for the period between 1500-1700, but the1001-1860. The large black crosses indicate the point not signifi-
main trend related to solar forcing (correlation of 0.24 be- cant at 90 %, the smaller one, the region not significant at 95 % and
tween solar forcing and the temperature reconstruction anghe horizontal line at the 99 % leveb) same aga) but for the sim-

of 0.53 in the simulation) is simulated by the model. The ulation (note that the ocean point have been excluded since the data
correlation with solar forcing is higher when limited to the used by Guiot etal., 2010 are from land).

period 1100-1500 (a period not considered in the Hegerl et

al., 2011 analysis) and reaches the same value of 0.56 both

in the model and the reconstruction. As an additional test, Fiqure 2 shows the spatial temperature rearession over the
we use the Luterbacher et al. (2004) reconstruction for Eu- 9 P P 9

rope over the period 15001860, We find a better correlatio solar forcing in the reconstruction and the model for zero

of 0.45 (significant at the 95 % level) with solar forcing overrllme '?‘951 we n.o.tlce that for.m'ost of the .g.rld points the "2'
this time period. In particular we notice that the large dis- gression is positive and statistically significant at the 90 %

agreement between model and Guiot et al. (2010) reconstrucl?vel' This means that the surface temperature increases with

tion over the period 1500-1700 is lower in the Luterbacher! Mcrease in sola_r f(_)rcmg, n agreement with the associ-
: . ted changes in radiative forcing at the top of the atmosphere
et al. (2004) reconstruction. The two reconstructions are no

. N . ; . Fig. 3a). The solar forcing is related with short wave vari-
consistent over this time period, which questions the very: .. . L

. . o : .~ Zation at the top of the atmosphere. This forcing is almost

strong variations occurring on this time frame in the Guiot . . . . .

: : : isotropic over Europe as shown in Fig. 3a only with slight

et al. (2010) reconstruction, which are not reproduced in the - : : .

) . _decrease of the forcing in latitude related with the rotundity

model. Moreover, it should be stressed that the correlation

0 .
with solar forcing is better in the simulation than in both re- of the Earth (26 % lower at P than at 25N, cf. Fig. 3a).

constructions. This could be related to the fact that the sola}\l evertheless, the response to this radiative forcing changes

) ; . . exhibit a complex spatial response, with a large warming in
forcing used in the model is perfectly known while the real L
; . the north and south of Europe and a lesser warming in the
one still remains under debate (Gray et al., 2010). . : : .
centre, both in the reconstruction and in the model. The lati-

tudinal agreement is actually quantitatively correct as shown

10°W 0° 10°E 20°E 30°E 40°E 50°E 60°E
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Fig. 3. Regression of different variables from the model simulation on the solar variations for the period 1001alB&Wvnward short-

wave (SW) radiation at the top of the atmosphere (TOA) in WiV m~2. (b) Cloud concentration in %/W 2. (c) Precipitation in

mm day /W m—2. (d) Evapotranspiration in mm day/W m~2. The sign is positive for cloud, precipitation, evapotranspiration and down-

ward SW when the variables increase with solar forcing. The shaded regions represent regions with statistically significant regression value
at the 95 % level.

in Fig. 4: there is a similar minimum of warming around Zonal mean regression — Cuiot et ol
55° N with an increased warming north of it, sharing a simi- \ ‘ , , , -
lar increase, although largely overestimated aftéM65 the
model as compared to the reconstruction. South of tRdN55
minimum, the regressed temperature also increases but sout iy
of 40° N, the increase in the model becomes more than two  ss -
times larger than in the reconstruction. The signature of so-, |
lar forcing over Central and Eastern Europe is not significant% .
in a lot of grid-points from the model and the reconstruction
(Fig. 2). Given that the solar forcing is almost isotropic over
Europe, the latitudinal temperature response found in Fig. 4 35+
remains remarkable and is certainly the results of local feed- _
back or change in large-scale circulation, which needs to be . ‘ . . . ‘ ‘
explained. For that purpose we analyse the response of the 0.00 0.40 080 1.20 1.60
model to solar forcing variations. o

We notice in the model (Fig. 3) an increase in cloud cover,Fig. 4. Regression of the zonal mean summer temperature over the
precipitation and evapotranspiration over Central and Eastsolar forcing, in black for the reconstruction and in red for the sim-
ern Europe related to the increase in solar forcing. For theselation. The dashed lines correspond to a two standard deviation
variables, Central and Eastern Europe are the regions th&ror bar computed from the residual of the regression.
exhibit the largest changes, which is surprising given the
small temperature response. We argue that this response of

65°N —

5°N +
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Fig. 5. Same as Fig. 3 but fdr) the net shortwave radiation at the surfa@,the net longwave radiation at the surfa@®,the sensible heat
flux, (d) the latent heat flux. All panels are expressed in WAV m=2.

evapotranspiration and clouds may indeed explain the miniminimum warming over Central and Eastern Europe results
mum warming found around 8% in the model because of from this surface heat fluxes changes, dominated by a de-
a damping of the forcing effect on surface temperature. Overcrease in shortwave fluxes. Over the Mediterranean area, the
the Mediterranean area the opposite signal is found. decrease in evapotranspiration (Fig. 5c) is associated with the
We propose that the changes in evapotranspiration are thérying of the soil (and the lack of soil moisture availability to
explanation for the temperature response found. Followingncrease this flux). Such a different behaviour between Cen-
the mechanism proposed by &chet al. (1999, see their tral and Eastern Europe and Mediterranean area can be com-
Fig. 1) an increase in evapotranspiration in summer leadpared to the two stable states found in D’Aedeet al. (2006):
to convective clouds that may interact with the large-scaledepending on the soil moisture initial condition at the begin-
circulation. In the simulation we actually find that the in- ning of the summer, two very different states can take place.
crease in precipitation in the region°1B-50 W, 45-65 N The increase in evapotranspiration in Central and East-
is 0.20mm/W n12, and we diagnose that 65 % of this in- ern Europe is actually related to a larger availability of soil
crease is related to convective precipitations (diagnostic commoisture at the beginning of summer. This is what is shown
puted in the model). This is similar to the Satet al. (1999) in Fig. 6: in summer both in the model and in a reanalysis
mechanism: in response to an increase in evapotranspiratioffAlkama et al., 2010), the evapotranspiration is controlled
there is an interaction between the convective cell with thethrough moisture (rather than radiative flux, e.g. Severinatne
main circulation, which increases the precipitation in this re-and Stockli, 2008, their Fig. 3). The increase in evapotran-
gion, in addition to the recycling from the evaporative wa- spiration in summer is therefore related to an increase in soil
ter from the soil. This change in cloud cover impacts the moisture at the beginning of the summer, followed by the
radiative budget over this region (Fig. 5) with less short- soil-precipitation feedback from Séhet al. (1999). To ex-
wave radiation at the surface and more longwave radiatiorplain this increase in soil moisture, we find an increase in
and sensible heat fluxes, while the absolute latent heat fluprecipitation in winter when regressed over the solar index
increase accordingly with the evapotranspiration fluxes. Theover Central and Eastern Europe (not shown). This increase

www.clim-past.net/8/1487/2012/ Clim. Past, 8, 1487495 2012



1492 D. Swingedouw et al.: Mechanisms for European summer temperature response to solar forcing

Central Europe 10-50°E, 50—-60°N s
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Fig. 7. Scheme of the proposed mechanism operating in Central and
Eastern Europe. The sign between the two variables at each side of
5 any arrow explains the relationship between them (“+” for increase

r and “—" for decrease). The Séh et al. (1999) positive feedback
loop has been highlighted in light pink.

Correlation with evap

the subsidence zone have been argued to play a crucial role
in future climatic projections for the drying of the Mediter-
Fig. 6. Correlation between the net radiative forcing and evapotran-fanean area (Yin, 2005). Here we do not find any clear sig-
spiration (in black) and soil water content and evapotranspirationnature of a change in the main circulation patterns (Fig. 8b)
(in red) for a region of Central and Eastern Europe (10-560-  so that we believe that it is mainly local feedbacks that are
60° N) for different months (on the x-axig®) in a reanalysis from  playing a role in our simulation. This may be related to the

Alkama et al. (2010) over the period 19502000 #hyiin the  relatively weak forcing of the solar variations as compared to
model simulation, the period 1001-1800. The different lineg)n what happens in most projections'

corr_espond to a computation every 50 yr starting from 1001-1050 | the North, the evapotranspiration is not controlled by
(until 1800-1850). This has been done in order to evaluate the stag ;| mgisture but rather by the (low) radiative flux availabil-
tionarity of the relationship in the model. - . .

ity so that the former mechanism does not apply (Seneviratne

and Sbckli, 2008). The large warming found in this region

can be explained by the sea-ice retreat as shown in Fig. 8a. In-
may allow increasing the loading of soil moisture in winter deed in summer we find a decrease of DEROH m?/W m2
and spring and leads to the mechanism proposed. This inof sea-ice cover in the Nordic and Barents Seas when the
crease in precipitation in winter is not related to a change insolar forcing increases. This sea-ice retreat leads through
large-scale circulation (no significant correlation found with albedo feedback to a larger net short wave at the surface
weather regimes frequency or empirical orthogonal function(Fig. 5a) amplifying the warming there. Its effect on the
of the sea-level pressure over the North Atlantic region, notlarge-scale circulation is not significant (Fig. 8b), so that we
shown) but could be explained by the Clausius—Clapeyrorffgue that it is mainly a local feedback process that explains
relationship, since the temperature is enhanced in winter ithe warming in the North. A reconstruction of sea-ice varia-
response to the increase in solar forcing (Swingedouw et al tions north of Iceland over the last millennium (Masst al.,
2011, their Fig. 3a). The whole mechanism for Central and2008) indeed show large variations of the sea-ice cover in
Eastern Europe is summarized in Fig. 7. this location, notably with a maximum over the last millen-

For the Mediterranean area, this effect is not sufficient, sohium around 1690, which corresponds to the Maunder solar

that the soil becomes dry leading to the large warming ob-Minimum without any large volcanic eruption at that time.
served in the model, which seems overestimated as compared
to the reconstruction. Changes in large-scale circulation and

Months
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a) Sea—ice cover This difference can be due to an incorrect representation of
: ! : ! ' ! ' the soil processes in the model. There are also large uncer-
tainties for the scaling used for solar forcing, which can ex-

3 plain the difference. Indeed a lower solar forcing may in-
duce lower response in the model, more in agreement with
s the reconstruction. Moreover, there are fewer data over the

Mediterranean area in the Guiot et al. (2010) reconstruc-
tion, which may increase the uncertainty over this area. Re-
construction and model show a similar minimum around
55° N, but the model misses another local minimum in the re-
construction located around 4K. This disagreement could
indicate that the transition zone defined byéBand Ter-
ray (2008) is too far to the north in the model as compared to
the one we found in the reconstruction. This result may sug-
gest a deficiency in the response that implies that caution has
to be exercised when considering projections over this region
with this model.

We would like to make some caveats concerning this
study. First of all, the correlation between the reconstruction
and solar forcing remains small when averaged over Europe,
in agreement with Hegerl et al. (2011). Nevertheless we ar-
gue here, that this is notably because the signal over Cen-
tral and Eastern Europe is considerably damped, implying
very small correlation with solar forcing. The extension of
our time frame to the period before 1500 (as compared to
Hegerl et al., 2011) also improves the correlation we find
with solar forcing. Moreover, it will be very useful to ex-

A : tend the present analysis to other climate models in order to
160°W 60°W 40°E 140°E evaluate if they found a similar large evapotranspiration re-
sponse to solar forcing in summer as in the CNRM-CM3 and
a similar latitudinal response and minimum. Finally, we have
compared the correlation of a few others summer reconstruc-
tions with solar forcing and found no significant correlation
with data from Central Europe (Bitgen et al., 2011) or in
4 Conclusions the Pyrenees (htgen et al., 2008) for the last millennium.

A recent Fennoscandia reconstruction also does not exhibit
In this study, we have shown that over the preindustrial pedarge coherence with solar forcing (D. McCarroll, personal
riod of the last millennium, a regression of surface tempera-communication, 2012) as well as a former one (Lindholm et
ture in summer over solar forcing in the CNRM-CM3 model al., 2011), so that the slight correlation found in this study is
and the Guiot et al. (2010) reconstruction shares a similar lathot consistent with a few local reconstructions. The results
itudinal pattern in Europe with a minimum response aroundfrom the data side therefore need to be taken with cautious.
55° N. To explain the qualitatively correct representation of Nevertheless, we propose that the inclusion of pollen data
the temperature latitudinal response to solar forcing at lowin the Guiot et al. (2010) reconstruction may improve the
frequency in the model as compared to the reconstruction, wéow frequency representation of the variability and therefore
argue that the evapotranspiration changes as well as their irthe correlation with the solar forcing as compared to recon-
teractions with atmosphere (convection, radiative adjustmenstructions only based on tree ring. The correlation with solar
with cloud) are the leading processes. and associated mechanism found in the model appears more

This study therefore shows that spatio-temporal temperaclearly. This could indicate that the solar forcing chosen in
ture reconstruction can be useful to evaluate simulated lowthis model is stronger than what it may have been in reality,
frequency variability. A time scale long enough such as theagreeing with Foukal et al. (2006). Indeed, the amplitude of
last millennium allows increasing the signal-to-noise ratio of the solar reconstructions we use can be considered as large as
the radiative forcing on the climate. The latitudinal agree- compared to others recent reconstruction with a lower scal-
ment between model and observed reconstruction is correéhg (Gray et al., 2010).
except for latitude larger than 65l and around the Mediter- Finally, we conclude that it is useful to continue the
ranean area, where warming is overestimated in the modeimprovement of spatio-temporal reconstruction of the last

-25

50°N +

100°W 60°W 60°E

b) Sea—level pressure

70°N

50°N

HEES CEEER

Fig. 8. Similar to Fig. 3 but for(a) sea-ice cover (in %/W mz) and
(b) sea-level pressure (in hPa/W'?n). The significant regions at
the 95 % level are shaded in color.
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millennium, and to simulate this long period with climate  Averyt, K. B., Tignor, M., and Miller, H. L., Cambridge Univer-
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