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Continental atmospheric circulation over Europe during the Little Ice Age inferred
from grape harvest dates

By Yiou et al.

General comments

As it stands, this is an interesting paper, but which needs significant clarification. | advise
acceptance for publication in CP with moderate, but significant revisions, as suggested.

1.Does the paper address relevant scientific questions within the scope of CP?
Yes

2.Does the paper present novel concepts, ideas, tools, or data?
Yes

3.Are substantial conclusions reached?
Yes

4.Are the scientific methods and assumptions valid and clearly outlined?
Yes and no. The methods generally seem valid, and the assumptions generally seem so also,
although I question one of the assumptions as noted in the discussion text itself.

Most importantly, the model description is somewhat difficult to follow, and much more
detail needs to be provided for how uncertainties were evaluated/implemented. These are
the key areas that need the most clarification.

5.Are the results sufficient to support the interpretations and conclusions?
Somewhat. The conclusions should be couched as somewhat more suggestive/less certain than
they are currently presented.

6.Is the description of experiments and calculations sufficiently complete and precise

to allow their reproduction by fellow scientists (traceability of results)?

I believe so, conditional that those who would wish to attempt reproduction have ready access to
the raw data.

7.Do the authors give proper credit to related work and clearly indicate their own
new/original contribution?
Yes

8.Does the title clearly reflect the contents of the paper?
Yes



9.Does the abstract provide a concise and complete summary?
Yes

10.1Is the overall presentation well structured and clear?

Mostly. Some detail, especially regarding uncertainties in the calibration model, and some
statements made and results drawn are sparsely, or even incorrectly, expressed. Cf. (4) above,
and the notes added into the discussion text itself.

11.Is the language fluent and precise?
Mostly, although some grammatical correction is needed. Cf. the notes added into the
discussion text itself.

12.Are mathematical formulae, symbols, abbreviations, and units correctly defined and
used?

Yes

13.Should any parts of the paper (text, formulae, figures, tables) be clarified, reduced,
combined, or eliminated?

See notes added to the discussion text itself.

14.Are the number and quality of references appropriate?

Yes — to my knowledge.

15.1s the amount and quality of supplementary material appropriate?

The connection between the information in the supplemental material and the main text
should be more clearly detailed.

Specific comments: See "Sticky Notes™ added within the article discussion text.
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Abstract

Estimates of climate conditions before the 19th century are based on proxy data re-
constructions or sparse meteorological measurements. The reconstruction of the at-
mospheric circulation that prevailed during the European Little Ice Age (~1500-1850)
has fostered many efforts. This study illustrates a methodology combining historical
proxies and modern data sets to obtain detailed information on the atmospheric circu-
lation that prevailed over the North Atlantic region during the Little Ice Age. We use
reconstructions of temperature gradients over France based on grape harvest dates to
infer the atmospheric circulation. We find that blocking situations were more likely in
summer, inducing a continental atmospheric flow. This study advocates that the recon-
structions of the past atmospheric circulation should take this regime into account.

1 Introduction

The climate anomaly of the Little Ice Age (LIA) affected most of European popula-
tion between 1500 and 1850. This period underwent a few multidecadal episodes
of anomalously cold temperatures that jeopardized crops and public health (Le Roy
Ladurie, 1971). There have been several attempts to estimate the features of the
atmospheric circulation during that period (Jacobeit et al., 2003; Jones et al., 1999;
Luterbacher et al., 2000, 2002; Slonosky et al., 2001; Trouet et al., 2009; Briffa et al.,
1986, 1987). Some studies have relied on the relationship between the atmospheric
circulation and surface temperature or other proxy records (Briffa et al., 1986; Souriau
and Yiou, 2001; Luterbacher et al., 1999, 2000). A major challenge to investigate this
period is the rarity of reliable meteorological measurements before the 18th century.
Historical archives provide direct testimonies of such events and their impacts on soci-
ety and the environment (Brazdil et al., 2005; Kuttel et al., 2010). An important task is
then to translate them into quantitative climate variables.
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In this paper, we use a new extensive database of historical grapevine harvest dates
(GHD) covering France and Switzerland, during the past centuries, to reconstruct at-
mospheric conditions during the LIA. This dataset was built by a team of climatolo-
gists, historians, agronomists and ecophysiologists (see list of co-authors). Important
contributions of this new database are its spatial coverage and its position in a socio-
historical context (Garnier et al., 2010) that allow access to information about regional
climate.

2 Data and method
2.1 Historical grape harvest dates

We used eight original datasets of west-European grapevine harvest dates (GHD),
including eight in France (Bordeaux, Loire Valley, Rhone Valley, lle-de-France, Al-
sace, Burgundy and Jura) and one in Switzerland (Lac Léman). Each series was
constructed from an ensemble of harvest dates recorded at different sites. When
documentary sources from several vine growers were available for the same pe-
riod, grapevine harvest dates were obtained as the median date among all avail-
able standardized dates including a reference series (Table 1 in Supplement) follow-
ing the methodology developed by Chuine et al. (2004). The number of available
GHD observations for each region is reported in Fig. 1. For each GHD series, a
precise identification of the grapevine varieties cultivated was carried out based on
the expertise and grapevine varieties database of the INRA “Domaine de Vassal’
(http://bioweb.ensam.inra.fr/collections_vigne/), and on old literature available in the
European and French digital libraries (Europeana; URL: http://www.europeana.eu; Gal-
lica; URL: http://www.gallica.fr) and Google Books (URL: http://books.google.fr) (Guyot,
1868a, b, c; Jullien and Jullien, 1866; Odart, 1845; Galet, 1956, 2004, 2006). Datasets
were classified according to regional and historical agriculture criteria (Jullien and Jul-
lien, 1866; Guyot, 1868a, b, ¢; Odart, 1845) such as the geographical structure of the
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vineyard, the viticultural practices and the varieties cultivated. As Garcia de Cortazar-
Atauri et al. (2010) showed, variety and agricultural information are particularly im-
portant for the accuracy of climate reconstructions using grapevine harvest dates. For
example, Eastern series were separated into three series: Jura, Burgundy and Switzer-
land, because even if these regions are not very far apart (within 75 km), there are im-
portant differences in the cultivated varieties (Table 1 in Supplement). A complete and
detailed description of the grape harvest date dataset used in this study can be found
in a companion paper (Daux et al., 2011).

For calibration and comparison purposes, we used temperature observations over
the 20th century from the ECA&D database (Klein-Tank et al., 2002) for Switzerland
and from Météo-France (O. Mestre, personal communication, 2009) for France. The
French temperature data were homogenized by a procedure of (Caussinus and Mestre,
2004) and breakpoints could be documented (S. Jourdain and O. Mestre, personal
communication, 2009).

2.2 Phenology model

To construct and validate the process-based phenological models used to reconstruct
temperature anomalies from GHDs, an important dataset of contemporary phenolog-
ical observations of grapevine was used. This database contains more than 2000
phenological observations for each main phenological stage (budbreak, flowering, ve-
raison) coming from different places in France, Switzerland and Italy and for around
100 grapevine varieties (Parker et al., 2011).

The process-based phenological model used was presented in Garcia de Cortazar-
Atauri et al. (2010). The model describes two independent phases: the first phase
calculates veraison date; and the second one goes from veraison to harvest date.

The first phase is modeled using the model of Wang and Engel (1998) which has four
parameters: a minimum, optimum and maximum temperature (7. 7opt, Tmax) @nd a
threshold of cumulated temperature actions (F*) (dimensionless). The date of veraison
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In Eq. (1), the parameter a is:
log2
a= #. 2

(Tmax_Tmin)
Iog [ (Topt_Tmin) ]

The date #; is the day when rates of forcing (RF) accumulation starts and was optimized
using all veraison dates available for grapevine in the database. Its estimate was 15
March, which is close to values found in previous studies on grapevine phenology
(Williams et al., 1985; Nendel, 2009; Parker et al., 2011) and it was fixed the same
for all varieties. Cardinal temperatures T, and T,,.x were fixed at 0°C and 40°C
respectively (Champagnol, 1984; Jones, 2003) and T,y and Fx were optimized for
each variety respectively. Table 2 in Supplement provides parameters and statistical
indicators of the model accuracy (efficiency, co nce intervals and root mean square
error) for each variety identified in each region.

The veraison-harvest period was described by a constant number of days (N, Ta-
ble 3 in Supplement). Each value was related to the vineyard (varieties, style of wine),
the agricultural practices and the crop state (water, carbon and nitrogen balances)
(Jones, 200 It et al., 2008; Garcia de Cortazar-Atauri et al., 2010). In this study,
this constant and the possible error due to cultural practices and climate conditions,
were obtained using combined information of two different sources, our phenological
database, and a mechanistic generic crop model, STICS (http://www.avignon.inra.fr/
agroclim_stics) (Brisson et al., 2002, 2003, 2009), adapted to grapevine (Garcia de
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Cortazar-Atauri, 2006). The STICS crop model is a daily time-step model that simu-
lates crop growth, soil water and nitrogen balances driven by daily climatic data. The
annual development of grapevine in the model is described by the main phenological
stages (Jones, 2003; Garcia de Cortazar-Atauri et al., 2009b). To simulate biomass
growth, the STICS model uses nitrogen and carbon reserves of grapevine and takes
into account competition between vegetative and reproductive organs. The fruit growth
is described by the dynamics of dry matter accumulation and water content (Garcia de
Cortazar-Atauri et al., 2009a; Brisson et al., 2009). To assess the uncertainty gener-
ated by past technical practices and not only by thermal climate variables, a range of in-
puts was provided to the STICS crop model: representative regional soil characteristics
(field capacity, wilting point and bulk density) (Garcia de Cortazar-Atauri, 2006; Brisson
et al., 2009) and STICS crop soils database: http://www.avignon.inra.fr/agroclim_stics),
historical technical conditions described in old references (plant density, row orienta-
tion, canopy geometry, fruit load, nitrogen fertilization, trimming date) (Guyot, 1868a, b,
c; Bidet, 1759b, c; de Serres, 1600; Jullien and Jullien, 1866), quality description and
harvest decision (based on sugar content reached at harvest) (de Serres, 1600; Esti-
enne and Liebault, 1589; Chaptal, 1801; de Herrera and Real Sociedad Econdmica
Matritense, 1818; Gay-Lussac, 1828; Laudier, 1852; Maumene, 1858; Gautier, 1891),
variety information (Odart, 1845; Rendu, 1857; Jullien and Jullien, 1866; Galet, 1956,
2004, 2006) and daily weather data (maximum and minimum temperatures, rainfall,
radiation, wind and humid INRA Agroclim database). Their analysis provided an
estimation of the uncertainty on grape harvest date linked to cultural practices and
non thermal climate variables (Table 3 in Suplement) (Garcia de Cortazar-Atauri et al.,
2010).

The daily mean temperature of the closest weather station (within 5km radius) was
used for the parameterization of the process-based phenological model. Mean temper-
ature was calculated as the arithmetic mean between the daily minimal and maximal
temperatures.
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The methodology developed by Chuine et al. (2004) was used to reconstruct temper-
ature anomalies from the nine composite series. Temperature anomalies were deter-
mined with respect to a reference temperature (15 March—August mean temperature
of the 1960-1989 periods) by inverting the process-based phenological models. The
inversion consisted in fitting the average anomaly temperature that would provide the
observed past harvest date with the phenological model. Temperature anomalies cor-
respond to the 15 March to 31 August period and were calculated for all the varieties
that have been grown during the period investigated in each region. The final tem-
perature anomaly of a region was calculated as the arithmetic mean of all anomalies
obtained with the different varieties of this region.

3 Results
3.1 Grape harvest dates and temperature reconstructions

From the set of nine reconstructed temperature anomalies, we selected four groups
of vineyards corresponding to the four cardinal regions of France (Bordeaux and Loire
Valley for the West, Burgundy, Jura and Switzerland for the East, Rhone Valley for the
South and lle-de-France and Alsace for the North). These four regions were chosen to
estimate meridional and zonal temperature gradients.

We chose to study gradients of temperature (rather than gradients of temperature
anomalies). This does not alter the inferred dynamics and provides a better physical
intuition on the thermal differences. The temperatures series for each cardinal re-
gion are reconstructed by adding the mean temperature anomaly of the region to the
average temperature of the 15 March—August period over 1960—-1990 of a reference
weather station. The reference weather station for the North was Paris, Orange for the
South, Bordeaux for the West and Dijon for the East. Hence the temperature gradients
are obtained from the temperature reconstructions.

The temperature anomaly reconstructions and observations are shown in Fig. 2. 1h
each cardinal region, there is a good agreement among the temperature anomalies
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reconstructed in the different vineyards over the 1950-2000 period, with correlation
coefficients r always exceeding 0.76 (p values < 10'11). The correlation coefficients
still exceed 0.67 (p values < 10™"®) over 1900-1950, except in the south of France,
where r =0.57 (p values < 10'9). GHD-based temperature an ly reconstructions
(Fig. 2) generally yield interdecadal fluctuations that are consisterit with estimates from
other proxy records (Guiot et al., 2005; Maurer et al., 2009; Meier et al., 2007).

The grapevine varieties vary from one region to another as a response to local cli-
mate and soil characteristics (Van Leeuwen and Seguin, 2006). The timing of grape
harvests has been regulated and scheduled on a local level, generally by groups of
experts (mainly winegrowers) from the area (de La Poix de Fréminville, 1758; Pocquet
de Livonniere, 1733; Salvaing de Boissieu, 1664). Even if agricultural practices from
one region could cross its borders, each region shows specific particularities (Guyot,
1868d). Hence, it is remarkable that Rhone valley harvest data series has a similar
behavior as the Languedoc dataset (data not shown, Daux et al., 2011) showing a de-
creasing trend in reconstructed temperatures between 1600 and 1700 unlike those at
the other cardinal regions. The analysis of various agriculture-viticulture books edited
before the 19th century does not show major differences, nor significant revolutions in
vineyard management for the period studied in those vineyards (Alonso de Herrera,
1513; Estienne and Libeault, 1589; de Serres, 1600; Bidet, 1759a). Moreover the
decreasing temperature trend in southern France between 1600 and 1700 is consis-
tent with the result of other studies in the same region (Guiot et al., 2005; Maurer et al.,
2009). The discrepancy between the reconstru and observed temperature anoma-
lies in Southern France in 1880-1920 is certainl e to a low number of available GHD
series during this period in this area (Fig. 1 Supplement), because of several particular
events such as the disappearance of the “bans de vendanges”, the vineyard recon-
struction after phylloxera epidemics from 1867 to 1898.(Direction Departementale de
I'’Agriculture (DDA) and Service Central des Enquétes et Etudes Statistiques (SCEES),
1983; Branas, 1974), and the 1910 mildiou outbreak.
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3.2 Temperature gradient reconstructions

We computed the differences between temperature reconstructions from the North and
the South, and from the West and the East. As specified in Fig. 2, the northern region
includes lle-de-France and Alsace, the southern region include Rhone Valley, the west-
ern region includes Bordeaux and Val de Loire, and the eastern region includes Bur-
gundy, Jura and Switzerland. Those differences approximate North-South and West-
East temperature gradients in France (Fig. 3). We determined ¢ ence intervals
over non-overlapping periods of 30 yr by computing 10th and 90th gercentiles, brack-
eting the local median. Those confidence intervals allow estimating the significance of
interdecadal changes in the temperature gradient.

The reconstructed gradients can be compared to differences of instrumental tem-
perature anomalies. The correlations are rather weak (r = 0.21, p-value = 0.13 for N-S
gradients, and r = 0.45, p-value = 1073 for W-E gradients), but the means (m=-2.5°C
for N-S and ~1.9°C for W-E) and standard devi s (standard deviation ~0.5°C for
N-S and ~0.4 °C for W-E) for 1950—2000 are both €orrectly reproduced (p-value = 0.01
for a two-sided Kolmogorov-Smirnov test).

Divergences between the observed and reconstructed N-S gradient appear before
1960. The discrepancy between 1900 and 1920 is probably due to the already men-
tioned lower number of GHD series during this period in Southern vineyards. Our
reconstruction yields variations for the North-South (N-S) temperature gradient, with
values ranging from —4°C to 0°C. The gradient shows a long period without large
breakpoints, between —2°C and —1°C on 30 yr-average, from 1700 to 1850, followed
by an important decreasing trend up to 1880. It yields large variations at the end of the
17th centur;%}m -4 to —-1°C) and a decreasing trend since the 1940s. This gradi-
ent is minimal at present, with an average of approx. —3.2°C between 1980 and 2006
The West-East (W-E) temperature gradient does not have such clear-cut variations,
and its amplitude is weaker than the North-South gradient. It is, on average, a little
larger during the 19th century and shows oscillations with an amplitude of ~2 °C during
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the 20th century. Thus, rather than discussing year-to-year variations of temperature
gradients that are not meaningful, we focus on persistent ti-decadal states of the
reconstructed gradients, especially before the 20th century:

3.3 Atmospheric flow inference

The methodology to assess the features of the atmospheric flow is based on the tem-
perature gradient reconstructions. The relation between the atmospheric circulation
and surface conditions has been investigated by many authors (Luterbacher et al.,
1999; Folland et al., 2009; Souriau and Yiou, 2001; Trouet et al., 2009). Indices of cir-
culation, such as the North Atlantic Oscillation index, have been used to establish such
dependence and it has been argued that the atmospheric circulation can be inferred
from surface temperature or precipitation observations through such indices (Briffa et
al., 1987). Here, we exploit the relation between present temperature patterns and
large-scale circulation over the North Atlantié

The reconstructed N-S temperature difference can be above -2°C (i.e. flat gradi-
ent). From recent observed temperature (between 1950 and 2007), we determined the
days for which this value is exceeded during the Mid-March to August period, which
corresponds to the period of our reconstructed temperature. We then computed com-
posite sea-level pressure (SLP) from the National Centers for Environmental Prediction
(NCEP) reanalysis data (Kalnay et al., 1996) to obtain the prevailing atmospheric circu-
lation for high North-South temperature anomaly gradients. When steep N-S gradients
(< =3°C) occur, e.g. between 1950 and 2000, the circulation yields a zonal flow pat-
tern which is consistent with a frequent positive phase of the North Atlantic Oscillation
(Fig. 4a) and strong thermal wind (Marshall and Plumb, 2008). When the N-S gradi-
ent is weaker (> -2 °C), the atmospheric circulation corresponds to a blocking pattern
(Rex, 1950) (Fig. 4b, c).

We checked from the NCEP reanalysis SLP (Kalnay et al., 1996) that the circulation
patterns corresponding to a high temperature gradient are mutually consistent, and
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correspond to a blocking situation with an anticyclonic pattern over Western Europe.
This was done by computing the spatial correlation between the circulation pattern
of each day (between 1948 and 2004) with a temperature gradient above —2°C and
the composite circulation pattern and verifying that the correlations are positive and
significant (Fig. 5). The box-and-whisker plot in Fig. 5 shows that more than 70 % of
the days with a temperature gradient above 2°C have a positive correlation with the
composite SLP pattern corresponding to this temperature gradient (shown in Fig. 4b).
Moreover, 60 % of those days have a significant correlation with the composite SLP pat-
tern. This shows that this composite circulation pattern has a meaningful signature on
the temperature gradient. The moderate score is explained by the large intra-seasonal
atmospheric variability (Cassou et al., 2005; Philipp et al., 2007). This correlation is
accentuated if the constraint of a large West-East gradient is added.

We verified that the pattern is coherent with atmospheric circulation estimates by
comparing the results with the EMULATE gridded sea-level pressure (SLP) dataset
(Ansell et al., 2006) over the 1890-1910 period, during which the N-S temperat
gradient during the warm season is low (Fig. 4d). The EMULATE dataset showst;%
anticyclonic pattern over Western Europe, albeit weaker than the one inferred from the
reconstructions in Fig. 4b—c. Hence we were able to infer a dominating atmospheric
circulation pattern corresponding to high and low values of temperature gradients over
the cardinal regions of France (Fig. 4). This result is consistent with reconstructions
that infer more continental circulation during the Little Ice Age (Jacobeit et al., 2003;
Folland et al., ZO@he order of magnitude of the SLP pattern reconstruction is also
broadly consistent'with other estimates (Kuettel et al., 2010; Luterbacher et al., 2002)

EZe 18th century.

is synoptic weather pattern lasts from a few days to several weeks (Michelangeli
and Vautard, 1998). It does not exclude that zonal atmospheric patterns, such as the
phases of the North Atlantic Oscillation, occur and bring moist air to Western Europe.
Hence we insist on the caveat that our inferred SLP pattern is the one that is most
likely given a seasonal temperature gradient reconstruction. This inference cannot be
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extended to subseasonal variability (Michelangeli et al., 1995; Corti et al., 1999) in a
trivial way.

4 Discussion and conclusion

This paper has explored the potential for grape harvest dates to reconstruct spatial
information of past climate variability. Such data contain a fine network that gives
access to regional climate variations. The temperature reconstructions show shifts in
temperature North-South gradients. Such shifts are identified on multi-decadal periods.
They can have a mean a ude as high as 1°C. We found no evidence in historical
agronomical documents in wine growing practice changes in those regions and hence
assumed that their origin is a climate change. This trend is also coherent with other
independent proxy reconstructions (Guiot et al., 2005).

We proposed a methodology to reconstruct mean atmospheric circulation patterns.
This reconstruction is based on the present observation that high and low North-South
temperature gradients are connected to synoptic atmospheric patterns. Hence we were
able to infer an atmospheric circulation patterns that is compatible with high and low
values of North-South temperature gradients. This approach is similar to the method
of analogues (Vautard and Yiou, 2009), and we also propose a test of the significance
of the inferred circulation. The cav this approach is that the circulation inference
is a composite that is only valid for rmulti-decadal period for which the sample size of
high (or low) temperature gradient values are observed.

We find that a likely atmospheric pattern that prevailed during periods of relatively
“flat” temperature gradient, especially between 1700 and 1850 AD is a blocking that
brings continental flow over Western Europe. This finding advocates for a description
of atmospheric variability that goes beyond the phases of the North Atlantic Oscillation
and takes weather regimes into account (Michelangeli et al., 1995; Yiou and Nogaj,
2004; Yiou et al., 2008).
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Those results will be used to constrain the local scales of climate simulations of the
last millennium.

Finally, our results emphasize the importance of interdisciplinary investigations to
assess the sources of uncertainties in the climate reconstructions.

Supplementary material related to this article is available online at:
http://www.clim-past-discuss.net/7/3023/2011/cpd-7-3023-2011-supplement.
pdf.
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Fig. 1. Number of observations for each viticulture region and for each year.
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Fig. 3. Differences between North and South (N-S: red line), and West and East (W-E: blue
line) reconstructions of mid-March-August temperatures. Colored (red and blue) step lines
correspond to 10th, median and 90th quantiles of variations over non overlapping windows of
30yr. Grey lines refer to the April to August temperature differences between Bordeaux and
Dijon (W-E), and Paris and Orange (N-S). The horizontal dotted lines represent the mean of
the observed temperature gradients.
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Fig. 4. (a-c): inferred sea-level pressure (SLP) patterns from reconstructed temperature
anomaly gradients. Panel (a): large N-S temperature anomaly gradients; (b) small N-S tem-
perature anomaly gradients; (¢) small N-S and large W-E temperature gradients. Panel (d) av-
erage SLP for the 1890-1910 period from the EMULATE dataset (Ansell et al., 2006). Isoli

contours indicate SLP patterns, with 2hPa increments. Colors indicate SLP anomalies (in hPa)’
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