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Abstract. In this study, we analyse the climatic impacts on winter—spring/summer relation are relevant for physical and

the grape harvest date (GHD) in Burgundy (France) on in-biological systems in several ways and should be analysed by
terannual and decadal time scales. We affirm that the GHDpther long-term proxy data and available model simulations.

is mainly influenced by the local April-to-August tempera-

ture (AAT) and provide the spatial expansion of this rela-
tionship. The spatial correlation pattern yields similar results
for the instrumental and pre-instrumental period, indicating
the consistency of the pre-instrumental field data with the in-
strumental GHD-spring/summer relationship. We find a pre-
viously undocumented second climate impact on the GHD.
The winter temperature is significantly correlated with the
GHD on decadal-to-multidecadal time scales and affects th
GHD independently of the AAT. A multiple linear regres-

sion model, with AAT and decadal winter temperature as

predictors, was found to be the best model to describe thSess natural climate variability on these time scales is due

GHD time series for the instrumental period. Stability tests 1© early instrumental and high-resolution proxy climate data

; - ; ; .g.,Mann et al, 1999 Jones and Briffal992 Esper et al.
of the correlations over time vyield that both impacts on the(e 9., M .
GHD, AAT and decadal winter temperature, strengthen dur-200|2 Eérgbu et al, 200, Lohmann et a].2004 Luterbacher
ing the instrumental period. Using partial correlation anal- etal, 9.

ysis, we demonstrate that this is partly caused by a change A Particular proxy dataset is the annually varying grape

in the winter—spring/summer temperature relationship. Sumharvest date (GHD). GHDs have been documented in many

marising, the GHD is well suited to reconstruct interan- EUropean locations for several centuriBedzdil et al, 2008

nual variations of the spring/summer temperature over largd-¢ ROy Ladurie and Baulan198Q Meier et al, 2007. Al

parts of Europe, even if the changing winter—spring/summerfmaor phenology stages of the grapevine strongly depend on
relation might affect the reconstruction in a second order.Climate conditions Jones 2003. The temperature during

For decadal time scales, the December-to-August temper&-he stages before bloom and before veraison was found to be

ture shows the strongest relationship to the GHD and, thereth® most crucial for the GHDGhuine et al.2004 Garcia de
Cortazar-Atauri et a.2010. When using the GHD for cli-

fore, proposes that the GHD can be used for European tem ; .
perature reconstructions beyond the spring/summer seasof1ate reconstructions, several caveats have to be taken into

Finally, we argue that our findings regarding the changedaf:coum' eg., plant disgases or ch.anges in viticulture tech-
nigues, varieties and wine typebiéier et al, 2007 Gar-

_ cia de Corazar-Atauri et al.2010. Furthermore, missing
Correspondence tayl. Krieger years of observation can be a problem. Hence, the data
BY (kriegerm@uni-bremen.de) quality differs from place to place. In some cases, the data
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1 Introduction

Instrumental observations of the last 50 to 100 years indicate
large interannual to multidecadal climate variabiliipges
and Briffa, 1992 Dima and Lohmann2007. The relative
é;hortness of the instrumental climate record limits our un-
derstanding of the natural range of climate variability on
seasonal to centennial time scales. A promising way to as-
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GHD in Burgundy (France) from 1370 to 2003
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Fig. 1. GHD series Chuine et al.2004) of the Burgundy region in France from 1370 to 2003 (in days since 1 September). The instrumental
period is emphasised in the main panel as this period is of particular interest in this study. Blue line: decadal variations (low-pass filtered
data using a 1/10 year cutoff).

are only sufficient for qualitative analysis, like in the Czech of this, Meier et al.(2007) noted a similar trend for the Swiss
Republic Brazdil et al, 2009. In the case of Besancon GHD series. This indicates a general effect and raises the
(France), arguable dates could be identified and discarded iquestion whether there may be other than spring/summer cli-
order to build a climatic GHD series@rnier et al. 2010. matic impacts on the GHD. In this study, we focus on the
In the case of the Burgundy region in France, several homoseasonal dependence of the GHD in Burgundy (France) and
geneous GHD series are available and are combined into oneddress the following research questions: Which climate sig-
GHD series to reduce non-climatic impac@hfine et al. nals are recorded in the GHD? What are the seasonal spatial
2004). Moreover, the varieties cultivated in the Burgundy re- correlation patterns of the GHD with temperature? Are the
gion have been the same for the last six centuBar¢ia de  relationships stable over time, also when comparing the in-
Cortazar-Atauri et al.2010. strumental with the pre-instrumental period?

Despite these difficulties, GHDs have been successfully
used for several temperature reconstructions, mainly for the
spring and summer temperatu@huine et al(2004 recon- 2 Methods and data
structed April-to-August temperature (AAT) in France us-
ing a process-based phenology modkleier et al.(2007) The GHD series (Fig. 1) is taken frofhuine et al(2004)
used linear-regression to reconstruct Swiss AAT. GHD seriesaand covers the period from 1370 to 2003, except for the year
were applied for bi-proxyktien et al, 200§ and multiproxy- ~ 1978. It is based on the GHD series frdra Roy Ladurie
reconstructionsHtien et al, 2009 Guiot et al, 2005 Mann (1983 and updated bZhuine et al(2004. The GHDs were
et al, 2008 as well as for checking other reconstructions recorded in up to 18 cities and villages in the Burgundy re-
(Brazdil et al, 2010 Masson-Delmotte et al2005. The  gion in France. The Dijon series is defined as reference be-
GHD was also taken into account when discussing the sumeause itis the longest series, and the remaining 17 series were
mer heatwave in 2003Chuine et al. 2004 Menze| 2005 standardised to the same average harvest date as the refer-
Garda-Herrera et al.201Q0 Keenan 2007. Besides the ence series. The final GHD series presents the median date
spring and summer temperature dependence, another intefer each year of all 18 datasets (for detailed description see
pretation of the GHD was given [8ouriau and Yio2001), Chuine et al. 2004. As the Dijon series is the reference
who found a relationship to the North Atlantic Oscillation series, we mark the location of Dijon in the resulting corre-
(NAO). A different approach in analysing the GHD was per- lation maps.
formed bySchleip et al(2008, who used the Bayesian anal-  We analyse the seasonal climate impacts on the GHD in
ysis to examine temperature impacts on the GHD. TherebyBurgundy during the instrumental period, which we define
the June temperature was found to be most important for thes the time period 1901-2002. We have excluded the last
GHD. year 2003 from our analysis, since in this extreme summer

However, possible changes in the GHD-climate relationthe GHD is known to be biased and to be a poor indicator of
and the seasonal dependence of the GHD have not been ané¢émperatureKeenan 2007). As the Burgundy GHD series
ysed in detail yet.Garcia de Co#ézar-Atauri et al(2010 is a composite of several independent GHD ser@sufne
found an increase of the GHD-AAT relation for the Paris and et al, 2004 and as the vine varieties and the wine type did
Burgundy GHD series during the 20th century. Independeninot change Garcia de Co#ézar-Atauri et al. 2010, it is
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reasonable to assume that climate variability was the main It is known that stochastic fluctuations can lead to large
driver for the GHD variations in the instrumental period. variations in correlations between two time seri€sei-
The climate impacts are investigated by analysing the corshunov et al.2001, Sterl et al, 2007). Hence, we use the
relation of the GHD series and gridded temperature datasetd/onte Carlo based stationarity test describedSberl et al.
A monthly near-surface temperature dataset is taken from{2007) to test the significance of the variations of the corre-
the Climate Research Unit (CRUW(tchell et al, 2003 and lation through time. In this test, the observed difference be-
covers the years from 1901 to 2002 (0:60.5°). Addition- tween the maximum and minimum correlation is compared
ally, we analyse the reconstructed temperature dataset fromith the distribution of correlation differences obtained with
Luterbacher et al(2004) covering the period 1500 to 2002 surrogate time-seriev(= 10 000).
(0.5° x 0.5°). Field correlation maps of the GHD time series  To analyse the combined influence of winter and summer
and temperature fields are computed to investigate the spatiédémperature on the GHD, we use multiple linear regression.
range of the relationships. Furthermore, several seasonal artdereby, the Bayesian information criterion (BI§ahwarz
monthly France temperature indices are derived by averagind978 is calculated to compare the different regression mod-
over the area 58BN to 6° E and 42 N to 51.5 N. Seasonal els. The criterion accounts for the goodness of the fit and
indices are the AAT, the winter (DJF =December Januarypenalises models with more variablé&chwarz 1978. To
February) temperature and the December-to-August tempesseparate the temperature effects of different seasons on the
ature. In case of theuterbacher et al2004) reconstruction  GHD, we use the partial correlation coefficieKefidall and
dataset, we use the spring-summer (MAMJJA =March April Stuart 1979. The partial correlation estimates the correla-
May June July August) temperature instead of the AAT totion of the GHD with the temperature of one specific season
take the whole period into account (monthly data are onlywhile removing the effect of the other season.
available for 1659-2002). We also use the NAO index based
on the difference of normalised sea level pressures (SLP) be-
tween Ponta Delgada, Azores and Stykkisholmur/Reykjavik,3 Results
Iceland (NAO Index Data provided by the Climate Analysis
Section, NCAR, Boulder, USAdurrell, 1995.

In our analysis, we use the Pearson product-moment Corméase correlate the GHD serieChuine et al. 2004 with
lation, as the empirical relationship of the GHD with temper- 5 £rance temperature index (5\ to 6°E and 42 N to
ature does not show any systematic deviations from linearityg 1 N) derived from CRU Klitchell et al, 2003 for single
(not shown). However, sir_nilar results are also obtained usingy,onths (Tablda). The temperature in the months from April
Spearman’s rank (?orrelatlon. '!'he missing vglue of the GHDy, August is significantly negatively correlated. The tempera-
for the year 1978 is excluded in the correlation process, exy e in September is, in turn, not significantly correlated with
C_ept_when using flltereq o_lata. In this case, linear mterpola-the GHD (Tablela). The overall relation is dominated by
tion is used to fill the missing year. interannual variability. Analysing averaged seasonal temper-

To test the local significance of the correlations, we aP-atures, the AAT yields the highest absolute value of corre-
ply a double-sided significance test based on a t-distributiontion with p=—0.73 (» < 0.01). The correlation is slightly

(von Storch and Zwiersl999 with p=0.05. As the GHD  igher on interannual time scales withe —0.76 (p < 0.01,
series yields no memory and has a nearly white spectrumhigh_pass filtered using a 1/10 year cutoff) and lower on
no correction for reduced temporal degrees of freedom hagac5dal time scales with=—0.67 (p <0.01, low-pass fil-
to be made. In the correlation maps, areas of locally Sigmf‘tered, 1/10 year cutoff). The field correlation of the GHD

icant correlation are coloured. To analyse the relationships, 4 the AAT shows that all of Western and Central Europe
on decadal-to-multidecadal time scales (in the following de-jg gignificantly correlated (Fig). The highest correlation is
noted as decadal time scales), we apply a low-pass filter 0Ra5ched in central France.

the data p_rior to the correlation analyses. We use a finite t\thermore, we analyse the relation of the GHD with the
response filter (cutoff frequency 1/10 year, length =21 year)spring-summer temperature based on the datasktitaf-
with the boundary constraint of minimising the first deriva- poher et al(2004), covering the time from 1500 to 2002
tive (Mann, 2004. For the filtered time series, the signifi- 54 compare the instrumental and the pre-instrumental pe-
cance of the correlation is established by using Monte Carlg,,q  The averaged spring-summer temperature is used in-
experiments in which the same filter is applied on surrogatesiaaq of the AAT, to take the whole period into account
data (v=10000). _ _ (monthly data are only available for 1659-2002). The cor-
To analyse the stability of the correlations over time, We ye|ation maps are similar for the period from 1901 to 2002

a'lpply the correlation in a moving Windpw (running correlg- (Fig. 3a) and the period from 1500 to 1900 (F&). In both
tion). Hereby, a 50-year time window is used and the mid-ime intervals, all of Western and Central Europe is signifi-
point of the window is shown in the x-axes of the figures. cantly negatively correlated.

The local (50 year) significance limip( 0.05) is shown as
a horizontal dashed line.

3.1 Interannual relationship
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Table 1. GHD correlated with averaged monthly near-surface temperatures of Frane&\$056° E and 42 N to 51.5 N) from CRU
(1901-2002)itchell et al, 2003. (a) Unfiltered datdb) Low-pass filtered data (1/10 year cutoff). Significant correlation valpes@.05)
are bold.

Dec Jan Feb Mar Apr May Jun Jul Aug Sep

@ »p —0.02 0.04 -0.17 -0.15 -0.20 -0.61 -055 -048 -0.36 -0.16
p-val >0.05 >0.05 =005 =>0.05 <0.05 <0.01 <001 <0.01 <0.01 =>0.05
(b)y » -0.34 -056 -0.66 -064 -0.30 -0.70 -039 -045 -0.69 -0.13

p-val >005 <0.01 <001 <001 =>0.05 <001 =005 <0.05 <001 =>0.05

08 In contrast to the spring/summer relation, the analysis of

the pre-instrumental period frofouterbacher et al(2004

does not yield the same result for the GHD-DJF tempera-

04 ture correlation (Fig5) compared to the instrumental pe-

02 riod (Fig.4a). The correlation value in France is nearly zero

and only some Northern European areas are negatively cor-

related. A weak positive correlation is found in Asia Minor.

-0.2 Besides the GHD-DJF relation, we have analysed sev-
eral combinations of winter and summer months. The most
pronounced large-scale correlation on decadal time scales

0.6

06 is found for the December-to-August temperature with the
. - -08 GHD (Fig. 6). Nearly all of Europe is significantly nega-
-20 0 20 40 60 tively correlated with a stronger negative correlation than in

winter (Fig.4a).
Fig% 2. tco”e'atlon ?L'ZI}(; fGHDC"F‘;iLtJh(g% fgrg;%t@‘égﬁsz “far' As described above, the GHD is correlated with the AAT
surface temperature rom - elletal, ;
2003. Areas of significant correlation are colourgd< 0.05). The and the depad_al DJF temperature.  To q.uantlfy thg se_za-
red dot indicates the approximate location of Dijon (Burgundy). sona_l Contrlbutlons,_ we model the GHD using a multivari-
ate linear model with the AAT and the decadal DJF tem-
perature as predictor variables. For the instrumental period,
3.2 Decadal relationship both variables significantly contribute & 0.01) to the GHD
variations with slopes-7.1+0.7 days/K for the AAT and
For the decadal time scale, the correlations of the monthly—2.4+ 0.9 days/K for the decadal DJF temperature, respec-
France temperature index with the GHD are shown in Ta-tively. According to the Bayesian information criterion (BIC)
ble 1b (low-pass filtered data using a 1/10 year cutoff). From (Schwarz 1978, this model is preferred to the univariate re-
December to August, the correlation coefficient is always be-gression models GHD-AAT and GHD-DJF temperature.
low —0.3. The correlations of January, February, March
May, July and August are statistically significant. In con-
trast to the unfiltered analyses (Taldla), the local GHD- W v a 50- . lation to i tioat
temperature relationship shows a pronounced winter signa- € apply a ol-year running mean corretation fo investigate
o : : . - the stability of the correlations over time. The relationship
ture. This is confirmed by the field correlation of the fil- f the AAT and the GHD Vi f 06
tered winter near-surface temperature with the filtered GHD?' "€ an € evenly Increases Irom=—.

(Fig. 4a). Western, Central and Eastern Europe are signifi-to p=—0.85 during the instrumental period (Figa). This

cantly negatively correlated (France index=—0.69). In- ;halngigr? IThgosrir;:\Efilf nt;thtl)g?eynsel?gr '((:Z%rgn&(gécélzﬂ\g;g;
terestingly, the correlation of the filtered AAT time series pPIyINg Y $ '

with the winter temperature (Figib) is much weaker than section). If both time series are detrended prior to the

the GHD-winter temperature relationship. There is no signif-analyS's’ the change in corrglanon IS \{veal_qar-eo.(_SS -
. N . to p=-0.8) and the change in correlation is not signifi-
icant AAT-DJF correlation in France on decadal time scales . .

: . cant anymore. In the pre-instrumental period, the GHD-
(Fig. 4b). We note that the decadal GHD-winter tempera-s ring/summer relation varies in a similar range and shows
ture relationship is not sensitive on the winter definition, as pring 9

e .. centennial fluctuations in the running correlation (Fib).
January-to February_temperza_tursf(OZGB) or December-to The weakest correlation is in 1919 (centred) wita: —0.45
March temperaturep(=0.72) give similar results.

and the strongest is in 1624 (centred) witkk —0.87. Over

'3.3 Stability of the correlations over time
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a) 1901-2002

B

b) 1500 -1900
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Fig. 3. Correlation of the GHD with the near-surface temperature in spring/summer (MAMJJALfuterbacher et al2004) for different

0

-20 -10

periods:(a) 1901-2004b) 1500-1900. Areas of significant correlation are colougee 0.05).

429

Fig. 4. Correlation of the winter (DJF) near-surface temperature from CRU (@)tthe GHD(b) the France AAT time series (1901-2002).
All data were low-pass filtered using a 1/10 year cutoff. Areas of significant correlation are colpuredi(5).
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Fig. 5. Correlation of the GHD with the winter near-surface tem- Fig. 6. Correlation of the GHD with the December-to-August near-
surface temperature from CRU (1901-2002). All data were low-
to 1900. All data were low-pass filtered using a 1/10 year cutoff. pass filtered using a 1/10 year cutoff. Areas of significant correla-
tion are colouredg < 0.05).

perature fromLuterbacher et al(2004 for the period from 1500

Areas of significant correlation are colourgd< 0.05).
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Fig. 7. (a) Running correlation of the GHD with the France AAT time series from CRU (1901-2002). Dashed line: correlation of detrended
time series(b) Running correlation of the GHD with the France spring—summer temperaturelfnterbacher et al2004 (1500-2002).

Blue line: GHD-AAT correlation (CRU). The length of the time window is 50 years. The significance lewed.05) is atp =—0.28 —
dashed line in pangb).

the whole period, the change in correlation is not significant Decadal relationships
according to the stability test tfterl et al.(2007).

The running correlations of the decadal relationships are
shown in Fig.8. All three correlations strengthen during ~
the instrumental period towards the end of the 20th cen-
tury and the correlation values are always negative. The;

0.0

t

icien

L=
decadal GHD-DJF temperature relationship exhibits a cor- g 7
relation value ofp =—0.69 for the whole period, which is g ©
highly significant p < 0.01), but the running correlation is ¢
unstable (red line Fig8). It is rather weak from 1920 to S ®

1960 (centred years), with the lowest amount of correla- T GHD and DUF temp

tion in 1935 (p =—0.1), and then strengthens frgne —0.27 i GHD and Dec-Aug temp
(1960 centred) tp =—0.9 (1977 centred). The total change ‘ ‘ ! !
of the running correlation is significanp (< 0.05) according 1930 1940 1990 1960 1970
to the stability test. Year (centred)
The decadal GHD-AAT relation exhibits a similar correla-
tion coefficient ofp =—0.67 (» <0.01) for the whole time Fig. 8. Running correlation of the GHD with France AAT
period, but the correlation changes over time are smallefPlack), DJF temperature (red), and December-to-August temper-
(black line in Fig.8) and not significant. The development of ature (green). All data are low-pass flltereq prior t'o the correlation
the decadal GHD-December-to-August temperature relationglll-O year cutoff). The length of the time W'-n-dow 's 50 years. The
s, . . . : . -~ "horizontal dashed line shows tlpe= 0.05 significance level.
ship is quite similar to this (green line), but the relationship
is always stronger. For the total period, its correlation coef-
ficient is p =—0.82 (p < 0.01). The change of the running
correlation is not significant either. As the GHD is connected to the AAT and to the decadal
The AAT-DJF temperature relationship is shown for the winter temperature, the partial correlations,d) of both
unfiltered data and for the decadal time scale (B)g. In seasons are of interest as they show the unique contribu-
both cases, the correlation changes from negative to positions of one specific season to the GHD. Calculated over the
tive values during the instrumental period. Particularly in thewhole instrumental period, the partial correlations are ap-
time from 1965 to 1975 (centred), there is a strong increasg@roximately the same as the full correlations. (GHD-AAT:
in correlation. The unfiltered relationship (solid line) as well ppar=—0.72 andp =—0.73; GHD-DJF: ppar=—0.68 and
as the decadal relationship (dashed line) significantly change = —0.69). This is expected as over the whole period, DJF
(p <0.01) in the instrumental period according to the stabil- and AAT temperatures are only weakly correlated (-0.14
ity test. The development of the decadal relationship resemunfiltered; p = —0.31 filtered). The development of partial
bles the development of the decadal GHD-DJF temperatureorrelation and full correlation of the GHD-AAT relation
relationship (red line in Figg). slightly differs (Fig.10a). Whereas the correlation decreases

-1.0
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AAT-DJF relationship like a local temperature proxy as the correlation of a maximal
growing season temperature time series of France (April-to-

o | — unfitered September) with European temperatures results in a similar
© 7| T 7 10yeariowrpass fitered pattern Etien et al, 2009. Nevertheless, the Burgundy GHD
£ . series can be used as proxy for Central and Western Europe.
g o The GHD-AAT relationship is well established and has
8 < been used for several temperature reconstructions (e.g.,
-g 2 Chuine et al. 2004 Etien et al, 2008 2009 Guiot et al,

[N \/w/’ﬂ' 2009. Additionally, the GHD series can be used to test re-
© @ -~ construction datasets for the pre-instrumental period, which
3 | ~< -7 T were derived from other sources. Theterbacher et al.

' SN dataset exhibits nearly the same spring/summer correlation
‘ ‘ ‘ ‘ ‘ pattern for the time from 1500 to 1900 compared to the time
1930 1940 1950 1960 1970

from 1901 to 2002 (Fig3). This demonstrates the stabil-
Year (centred) ity of the GHD-climate relationship and the consistency of

_ _ _ the Luterbacher et al.dataset with the instrumental GHD-
Fig. 9. Running correlation of AAT and DJF temperature. The spring/summer relationship.

length of the time window is 50 years. Solid line: unfiltered data;
dashed line: decadal time scale (data low-pass filtered prior to th
correlation using a 1/10 year cutoff). Tipe= 0.05 significance level

is atp =+0.28 (unfiltered data) and at= 0.6 (filtered data).

%.2 Decadal relationship

One remaining question is if there are other climatic im-
pacts on the GHD. We found a significant correlation be-

evenly, the partial correlation is stronger from 1925 to 1970tWeen the winter temperature and the GHD on the decadal
(centred) and weaker from 1970 to 1977 (centred) (Fig). time scale dur!ng Fhelmstrumental penod (Fg,p=-0.69, .

In this time, the AAT-DJF temperature relation also increases’ = 0'01): This S|gn|f|_cant corrglauo_n does not necessarily
(Fig. 9). The development of partial correlation and full cor- imply a dwgct GHD-winter relgt|onsh|p. It could ‘?‘ISO mean
relation of the decadal GHD-DJF temperature relation dif'fersthat the Wmt?r tgmperat_ure_ mflue_nces the spring/summer
as well (Fig.10b). Whereas the correlation strongly changes S€2S0Nn and, in this way, indirectly impacts the GHD. How-
from 1960 to 1977 (solid line), the partial correlation evenly €V€": Our finding that the AAT-winter temperature relation-

decreases over the whole period and changes less (dash8iP IS much weaker than the GHD-winter temperature rela-
line in Fig. 10b). tionship is a strong support of a direct winter influence on the

GHD (cf. Fig.4a and b).
This is also affirmed by the multivariate regression model.

4 Discussion The prediction of the GHD is more accurate when the
decadal winter temperature is taken into account. According
4.1 Interannual relationship to the Bayesian information criteria, this model is preferred

to the univariate regression models. As the influence of the
The near-surface temperature over France from April toAAT is approximately three times larger, the GHD is first of
August is highly correlated with the GHD (Fi@). The  all influenced by the spring/summer conditions and in a sec-
time from April to August coincides with the vine phenol- ond order by a long-term winter impact.
ogy stages before bloom and veraisdor{es 2003, which One may ask whether the decadal winter relationship has a
are highly temperature dependent and crucial for the GHDbiological meaning. In winter, the grape vine breaks the dor-
(Chuine et al. 2004 Meier et al, 2007 Menze| 2005. mancy state, and the post-dormancy period starts, in which
In contrast, the September temperature is not significantlythe development of the plant is prevented due to external
correlated with the GHD, although the average GHD is atconditions Garcia de Coézar-Atauri et al.2009. Tem-
27 September. This is consistent with the fact that the timeperature is one of several conditions which causes the end of
from veraison to harvest is nearly constant and temperathe dormancy statd dvee and May1997. On interannual
ture independentGhuine et al. 2004 Garcia de Coézar-  time scales, the winter temperature has no influence on the
Atauri et al, 2010. The GHD-AAT relation is weaker on time of flowering Williams et al, 1985 Garcia de Coézar-
the decadald=—0.67) than on the interannuad € —0.76)  Atauri et al, 2009 Nende) 2010 and, consequently, does
time scale. This also seems to be the case for the Besancarot impact the GHD. This is in accordance with our results,
GHD series Garnier et al.2010. The weaker decadal re- which show that there is no significant correlation on interan-
lationship with spring/summer values could be due to lessnual time scales during the winter months (Taldg, but this
memory of the temperature in summer than in winter. Fromdoes not exclude an impact on decadal time scales. The long-
the correlation pattern (Fi@), it follows that the GHD acts term relation we found might be connected to the fact that
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Fig. 10. Comparison of the development of the full correlation (solid lines) and the partial correlation (dashed (a)eGHD-AAT
relationship(b) decadal GHD-DJF temperature relationship. The horizontal dashed line shows the5 significance level. The length of
the time window is 50 years. In the partial correlation, we eliminate the influence of the decadal DJF tempefajamdithe decadal AAT
in (b). See text for the details.

plants exhibit complex internal timing mechanisrRefising  the instrumental period, or that the quality of the pre-
et al, 200)) including long-term memoryTrewavas 2003 instrumental winter temperature reconstruction does not al-
Galis et al, 2009. Information of environmental signals are low the detection of a relationship. The latter might be
stored in various forms, e.g., by changes of molecule condinked to seasonal differences in the reconstruction quality
centration Galis et al, 2009 or by morphological changes of European temperatures as reconstructed winter tempera-
(Trewavas2003. The memory of plants exists on different tures seem to be generally less accurate than reconstructed
time scales@alis et al, 2009 up to genomic change due to summer temperatureRigdwyl et al, 2009. Furthermore,
abiotic or biotic stressMolinier et al, 2009. Thereby, we reconstructions which are based on regression methods sub-
speculate that the vine adapts to winter conditions on decadatantially underestimate low-frequency temperature varia-
time scales. For example, its development starts earlier aftetions #on Storch et a).2004. Therefore, we suspect that
several mild winters, and vice versa. It is also conceivablethe pre-instrumental data does not contain the decadal win-
that the decadal GHD-temperature link is due to vermin pop-ter variations in the GHD. To ascertain whether the GHD
ulations which are possibly affected by climate variations oncan be used as a decadal temperature proxy over Europe,
longer time scales. Further investigations dealing with long-the decadal relation shall be tested by using different prox-
term biological factors of grape vine are necessary to examies which are sensitive on decadal time scales. In case of
ine this hypothesis. success, the GHD-December-to-August relationship would
This decadal connection with winter conditions is, apartbe most capable for temperature reconstructions in Europe
from the temperature, also displayed by the winter NAO. Wefor the decadal time scale.
find a decadal GHD-NAO correlation with a slightly lower
strength p =0.5, p < 0.05 for the instrumental period) than 4.3 Stability of the correlations over time
the GHD-DJF correlation. This result is consistent with
Souriau and Yio2001). During the instrumental period, all analysed GHD-
As demonstrated above, the GHD is related to the intertemperature relations strengthen (Figa, 8). Thereby, the
annual and decadal AAT and to the decadal winter temperaincrease of the unfiltered GHD-AAT relation (Figa) and
ture. Concerning only the decadal time scale, this means thahe increase of the decadal GHD-DJF temperature relation
the GHD is influenced by both the AAT and the winter tem- (Fig. 8 red line) are statistically significant according to the
perature. Consequently, the correlation of the local decadastability test fromSterl et al.(2007). In contrast to this, the
December-to-August temperature with the GHD yields evenchanges of the decadal GHD-AAT (Fi§.black line) and
higher values (Fig6, o =—0.81, p < 0.01) than the GHD- GHD-December-to-August temperature relationships &ig.

DJF correlation alone. green line) are not significant.
Unlike the spring/summer relationship, the decadal winter  As the relationship of the GHD with the AAT has been
relationship is not represented in the pre-instrumemniédr- used for reconstructions, its stability over time is an impor-

bacher et al.temperature dataset (Fi§). This could ei- tant matter. Although this relationship is always significant
ther indicate that the winter relationship only exists during during the instrumental period (lower tharn= —0.28), the
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change of the correlation values is statistically significant.suggest that some changes might be related to changes in
Similar trends were reported not only for the Burgundy GHD the winter—spring/summer relation as described above, which
(Garcia de Coézar-Atauri et al.2010, but also for the Paris  has to be verified by other proxy data.
(Garcia de Coézar-Atauri et a].2010 and the Swiss GHD
series Meier et al, 2007). Thus, the increase is very un-
likely caused by local effects or possible inconsistencies of5 Conclusions
the GHD series. We find two mechanisms which can partly
explain this increase. Firstly, there is a trend in the AAT time In this study, we analysed the seasonal climatic impacts on
series towards warmer temperatures (Fa), which lowers  the GHD in Burgundy (France)Chuine et al. 2004 dur-
the correlation in the first half of the 20th century and raises iting the instrumental period and established the spatial pat-
in the second half. Secondly, the GHD is not only influencedtern for interannual and decadal variability. We compared
by the spring/summer temperature, but also by the decaddhe instrumental with the pre-instrumental period and exam-
winter temperature. Thereby, the observed GHD-AAT corre-ined whether the relationships are stable over time. We affirm
lation also depends on the relationship of the spring/summethat the GHD is mainly influenced by the local AATIjuine
temperature to the winter temperature: A negative AAT-DJFet al, 2004 Meier et al, 2007 Menze| 2005 and provide
relation would weaken the observed GHD-AAT correlation the spatial expansion of this relationship. Furthermore, we
and a positive AAT-DJF relation would strengthen the ob- evaluated the relation for the pre-instrumental period by us-
served GHD-AAT correlation. This is demonstrated by the ing the Luterbacher et al(2004 temperature dataset. The
partial correlation analysis, which estimates the GHD-AAT spatial correlation pattern yields similar results for the in-
correlation while removing the effect of the winter tempera- strumental and pre-instrumental period, indicating the con-
ture. The change of the partial correlation is less pronouncedistency of the pre-instrumentaliterbacher et aldata with
than the full correlation (dashed and solid line in Figa). the instrumental GHD-spring/summer relationship.
This is consistent with the changing AAT-winter relationship  We found a previously undocumented second climate im-
(cf. Figs.9 and10): The GHD-AAT correlation is weaker pact on the GHD. The winter temperature is significantly
than the partial correlation when the AAT-winter relationship correlated with the GHD on decadal-to-multidecadal time
is negative (centred: 1925-1970), and vice versa (centredscales and affects the GHD independently of the AAT. Con-
1970-1977). This implies that the quality of AAT recon- sequently, a multivariate regression model with AAT and
structions based on the GHD depends on a second order idecadal winter temperature as predictors was found to be the
the winter—spring/summer relationship. best model to describe the GHD. One may speculate that the
This effect is even more important for the decadal GHD- decadal winter relation is caused by a long-term influence
DJF temperature relationship, which also increases duref the winter temperature on the vine during the dormancy
ing the instrumental period (red line in Fi§). As the  and post-dormancy state, which could effect the vine’s adap-
decadal DJF temperature has a much lower influence otion to climatic conditions on decadal time scales. This is
the GHD compared to the AAT, the GHD-DJF tempera- possible as plants can store information from environmen-
ture relationship is more sensitive to changes in the wintertal signals to optimise their fitness in natu@a(is et al,
spring/summer relationship: its development (red line in2009. Memory in plants can have a short-time character
Fig. 8) is very similar to the development of the decadal or can last for years or even for generatio@al(s et al,
winter—spring/summer relationship (dashes line B)gFur- 2009. Furthermore Trewavas(2003 stated that many as-
thermore, the partial correlation independent of the decadapects of dormancy show analogies to nervous memory as
AAT changes only moderately (FigOb). This implies that  there are short- and long-term versions, and a complex inter-
the impact of the DJF temperature on the GHD (without AAT play of environmental factors modifies dormancy. Even the
influence) is for the most part stable and supports the robustmolecular basis may be similar to animal memadrsevavas
ness of the winter result. 2003. For unknown reasons, the winter relationship is not
The field correlation of the GHD with the spring/summer confirmed by the pre-instrumental period. It will be subject
Luterbacher et altemperature (Fig3) shows that the GHD-  to further investigation whether this is caused by instabilities
AAT relationship also exists during the pre-instrumental pe-of the winter relationship (a breakdown of decadal correla-
riod. The running correlation (Fighb) further yields that the  tions for the pre-instrumental period) or by inconsistencies of
GHD-spring/summer temperature relationship is significantthe reconstruction in the pre-instrumental period on decadal
at every point in time. It varies in a range frop= —0.45 time scales. The latter might be caused by the fact that low-
to p =—0.87, which is similar to the instrumental period. In frequency temperature variations are underestimated by the
addition, this implies that the change of correlation in the in- regression model used&dn Storch et aJ.2004, or due to
strumental period is not singular. It has been suggested thateasonal differences in reconstruction skill, as winter temper-
variations of the temperature relation with GHDs are linked ature reconstructions are less accurate than summer temper-
to non-climatic factors Garcia de Coézar-Atauri et al.  ature reconstruction®{edwyl et al, 2009. Techniques that
201Q Meier et al, 2007 Garnier et al.2010. We further  preserve low frequency variability are necessary for climate
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reconstructionsvon Storch et a).2004 Mann et al, 2007, Christidis, N., Stott, P. A., Brown, S., Karoly, D. J., and
Riedwyl et al, 2009. Caesar, J.: Human Contribution to the Lengthening of the

The running correlations of the GHD with the AAT and  Growing Season during 1950-99, J. Climate, 20, 5441-5454,
decadal winter temperature indicate a significant increase d0i:10.1175/2007JCLI1568.2007.
of both correlations during the instrumental period. This Chuine, 1., Yiou, P., Viovy, N., Seguin, B., Daux, V. and
is partly caused due to changing climate. The winter— Le Roy Ladurie, E.: Grape ripening as a past climate indicator,
spring/summer temperature relationship strengthens durin%. Nature, 432, 289-290, 2004. . . .

. . . ) ima, M. and Lohmann, G.: A Hemispheric Mechanism for the

th|§ per'Od_and' th?refore' aﬁ?CtS the GHD'C“mate relation- Atlantic Multidecadal Oscillation, J. Climate, 20, 2706-2719,
ships. Using partial correlation analysis, we demonstrate: oi:10.1175/JCLI14174,12007.
(1) the changing winter-spring/summer relation modulatesesper, J., Cook, E. R., and Schweingruber, F. H.. Low-
the observed GHD-winter relationship, and the underlying Frequency Signals in Long Tree-Ring Chronologies for Recon-
decadal winter influence on the GHD is more stable than structing Past Temperature Variability, Science, 295, 2250-2253,
the observed correlation. (2) The GHD-AAT relation is  doi:10.1126/science.1066208002.

also slightly influenced over time by the changing winter— Etien, N., Daux, V., Masson-Delmotte, V., Stievenard, M., Bernard,
spring/summer relationship. V., Durost, S., Guillemin, M. T., Mestre, O., and Pierre, M.: A

Summarising, the GHD is well suited to reconstruct in- bi-proxy reconstruction of Fontainebleau (France) growing sea-

terannual variations of the AAT over large parts of Europe, S°N temperature from A.D. 1596 to 2000, Clim. Past, 4, 91-106,
even if the changing winter—spring/summer relation might doi:10.5194/cp-4-91-2002008.

o Etien, N., Daux, V., Masson-Delmotte, V., Mestre, O., Stievenard,
affegt the recqnstructlon in a second order. For decadal-to- M., Guillemin, M., Boettger, T., Breda, N., Haupt, M., and
multidecadal time scales, the December-to-August tempera- perrayd, P.: Summer maximum temperature in northern France
ture shows the strongest relationship to the GHD and, there- over the past century: instrumental data versus multiple proxies
fore, proposes that the GHD can be used for European tem- (tree-ring isotopes, grape harvest dates and forest fires), Climatic
perature reconstructions beyond the spring/summer season. Change, 94, 429-456, 2009.

It will be interesting to see how the GHDs will develop in the Galis, 1., Gaquerel, E., Pandey, S. P., and Baldwin, I. T.: Molecular
future due to a noticeable change in the growing season. The mechanisms underlying plant memory in JA-mediated defence
growing season length, based on exceedance of local temper- reésponses, Plant Cell Environ., 32, 617-623;10.1111/j.1365-
ature thresholds, has a rate of increase of about 1.5 days per3040'2008'91862'x2009' . . .
decade during the second half of the 20th century and will®3/¢i@ de Codzar-Atauri, 1., Brisson, N., and Gaudillere, J.

. . . Performance of several models for predicting budburst date of
probably increase in the twenty-first century by more than a

o . grapevine VYitis viniferaL.), Int. J. Biometeorol., 53, 317-326,
month Christidis et al, 2007 Stine et al.2009. Such ma- doi:10.1007/500484-009-0217-2009.

jor changes in seasonality will affect viticulture due to longer Gaycia de Cottzar-Atauri, I, Daux, V., Garnier, E., Yiou, P., Viovy,
growing seasonslgnes et a).2009. Finally, we argue that N., Seguin, B., Boursiquot, J., Parker, A., van Leeuwen, C., and
our findings related to the changed winter—summer relation Chuine, I.: Climate reconstructions from grape harvest dates:
are relevant for physical and biological systems, beyond the Methodology and uncertainties, Holocene, 20, 599, 2010.
GHD. As a logical next step, we will evaluate the winter-to- Garda-Herrera, R., Diaz, J., Trigo, R., Luterbacher, J., and Fischer,
summer relation for long-term temperature trends covering E.: A review of the European summer heat wave of 2003, Crit.

past, present and future scenarios. Rev. Env. Sci. Tec., 40, 267-306, 2010. _
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