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1.  INTRODUCTION

Italy is one of the top wine producers in the world
(49.5 × 106 hL of wine produced during the harvest in
2015; cf. France, 47.6 × 106 hL, and Spain, 36.6 ×
106 hL)  and has 682 000 ha of total viticultural area,
along with €5.35 × 109 total export value of all wines
(Organisation Internationale de la Vigne e du Vin,
OIV, 2016). Roughly 50% of the total Italian wine
export value for 2015 was from high-quality wines
with Protected Denomination of Origin (DOP) (http://

italian winecentral.com). Thus, the winemaking in -
dustry and the production of high-quality wines
influence the economic, social, and cultural aspects
of Italy to a great extent.

Vitis vinifera (Vv) is highly sensitive to climate
characteristics (Gladstones 2011, Fraga et al. 2012a,
Holland & Smit 2014), such as temperature and pre-
cipitation, and therefore the weather can be consid-
ered as a major driver of grape production (Hannah
et al. 2013). The strong influence of climate condi-
tions on viticulture, in particular temperature (Jones
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2012), is supported by historical evidence of vine pro-
duction in the northern coastal zones of the Baltics
and southern England from 900 to 1300, due to the
higher temperatures in that period (Gladstones
1992), and its decline from the 14th century due to
the dramatic decrease in temperature (Jones et al.
2005).

Due to the industrial revolution and anthropogenic
carbon emissions, the atmospheric CO2 concentration
has increased from 280 to 400 ppm, with an estimated
trend peaking at approximately 700 ppm by the end
of the 21st century (Collins et al. 2013) and with cor-
responding temperature increase between 2.5 and
4.5°C in western and northern Europe (Schultz &
Lebon 2005). Projected temperature trends, with side
effects such as longer drought periods due to the
higher soil evaporation (Alcamo et al. 2007), could
have many negative consequences on the wine in-
dustry, including yield reduction (Ramos & Martínez-
Casasnovas 2010), production of unbalanced wines
with excessive alcohol and low pH (Jones et al. 2005),
and the utilization of additional investment expenses
in mitigation technologies. However, the impact of
climate change is not necessarily detrimental to the
wine industry. In some European high-quality wine
regions, such as Chianti (Italy), Bordeaux, and Bur-
gundy (France), warming has resulted in increasing
trends for wine vintage ratings over the second half of
the 20th century (Jones et al. 2005). Additionally, fu-
ture warming could spatially shift zones with optimal
growing season temperature (12 to 22°C) (Jones
2006) polewards, towards the coast and higher eleva-
tions (Jones 2012), and transform non-traditional
wine areas into re gions suitable for grape cultivation
(Bardin-Campa rotto et al. 2014).

Species such as Vv are affected by climatic and
non-climatic factors (O’Donnell & Ignizio 2012). There -
fore, temperature or precipitation measurements
alone might be insufficient for the characterization
and examination of viticultural suitability. For exam-
ple, soil water availability presented only as seasonal
or annual precipitation does not include non-climatic
factors related to water loss through transpiration
and evaporation from bare soil. On the other hand,
the Dryness Index (DI), which was developed spe-
cially for viticultural use (Tonietto & Carbonneau
2004), incorporates particular climatic and non-
 climatic factors relevant for soil water availability.
Hence, certain bioclimatic indices (BI) designed for
effective monitoring of climate shifts in viticultural
regions should be used.

In the last 2 decades, the potential impact of cli-
mate change on viticulture suitability has been stud-

ied in many different wine regions using either spa-
tially interpolated meteorological data (Hall & Jones
2010, Fraga et al. 2012b) or data taken directly from
meteorological stations (Neethling et al. 2012, Han-
nah et al. 2013, Neumann & Matzarakis 2014). Cli-
mate data from weather stations are clearly a valu-
able tool for regional climate change assessment.
However, spatially interpolated data sets could allow
better estimates of weather variables at locations
 distant from the measuring stations. Additionally,
gridded data sets are often easier to implement due
to temporally complete series (Haylock et al. 2008).
The suitability of gridded data for regional climate
change studies strongly depends on spatial
 resolution. This is particularly important for vitivini-
culture studies, due to the often complex topography
of the grape-growing regions, where data sets with
spatial resolution provided by global climate models
(up to 250 km) (Jones et al. 2005, Webb et al. 2007) or
regional climate models (~25 km) (Lorenzo et al.
2013, Andrade et al. 2014) might be insufficient to
present vineyard climate. Therefore, high-resolution,
spatially interpolated climatic data (1 to 5 km) may be
a valuable tool for the regional climate change as -
sessment of grape-growing areas (Fraga et al. 2014,
Lorenzo et al. 2016).

Based on previously published studies which
addressed climatic changes in several wine regions
(Hall & Jones 2010, Bonnefoy et al. 2013, Lorenzo et
al. 2013, Fraga et al. 2014, Vrši  et al. 2014, Resco et
al. 2016), it is evident that each region has a unique
combination of factors relevant to viticulture suit -
ability. Thus there is a need to focus on the currently
un studied areas, such as the traditional Italian wine
region Emilia-Romagna (ER), which has great impor-
tance at a national and international level. Therefore,
the aim of this study was to ascertain the occurrence,
if any, of climatic change that may affect the suit-
ability of the high-quality wine production in the ER
region.

2.  MATERIALS AND METHODS

2.1.  Study region

The traditional viticulture region ER is located in
northern Italy, approximately between 43° 80’ and
45°10’ N, and 9° 20’ and 12° 75’ E. Great pedological
diversity and climatic variability, caused by the in -
fluence of the Adriatic Sea to the east and mountains
to the south, create a unique ‘terroir’ suitable for the
production of numerous grape varieties, both inter-
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national and autochthonous. The total ER wine pro-
duction is estimated at 7.91 × 106 hL (harvest 2014),
placing the ER as the second largest wine-producing
region in Italy, providing 18% of the total Italian
wine production by volume. A considerable volume
of the total wine production of the ER (15.9%, harvest
2014) consists of high-quality DOP wines. The pro-
duction of DOP wines is widespread over the entire
ER with the exception of the mountainous areas and
certain northeastern and northwestern areas (Fig. 1).

2.2.  Climate data

The study was conducted using high-resolution
gridded meteorological data provided by the Re -
gional Agency for Prevention, Environment and
Energy of Emilia-Romagna (www.arpae.it). Gridded
climate data for the period 1961−2015 were  produced
from precipitation (254 locations) and temperature
(60 locations) time series, preliminarily checked for
quality, temporal homogeneity, and synchronicity.
The daily data were interpolated on a 5 × 5 km grid
using the algorithms described by Antolini et al.
(2016), which take into account topography (lapse
rate estimation, including thermal inversions; topo-
graphic barriers; topographic relative position), land
use (urban fraction), and a day-by-day error-mini-
mizing procedure for the estimation of the interpola-
tion parameters. An average elevation is available for
each of the 1024 cells.

2.3.  Bioclimatic indices

Specific BI were calculated for the viticultural ap -
pellation areas, as well as for the non-traditional
grape cultivation zones, over the 2 periods: 1961−
1990, as a standard climatological period, and 1986−
2015, as the latest 30 yr time-series. The most com-
mon climate parameters and BI were considered
(Table 1, Table S1 in the Supplement at www.int-
res.com/articles/suppl/c073p195_supp.pdf).

Growing Degree Day (GDD) or the Winkler Ther-
mal Index presents thermal accumulation during the
growing season where only temperature accumula-
tion above 10°C (base temperature) is taken into
account (Winkler et al. 1974). Due to temperature
increase and consequently prolongation of the grow-
ing season length, the standard growing season
period relevant for GDD calculation (1 April to 31
October, northern hemisphere) may no longer be
accurate. Therefore, in order to verify the suitability
of standard GDD to display thermal accumulation in
the ER, GDD was calculated using 2 methods: (1)
calcu lating ‘standard’ thermal accumulation from
1 April to 31 October; (2) calculating thermal accu-
mulation from the start of the growing season (GSst,
Table 1) until the end (GSed, Table 1).

The Heliothermal Index or Huglin Index (HI) pres-
ents thermal accumulation during the growing
 season, calculated using daily mean and maximum
temperatures, providing more weight to maximum
temperature compared to GDD. HI calculation also
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Fig. 1. Protected Denomination of Origin (DOP, shaded areas) grape production and topography in the Emilia-Romagna region
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takes into consideration a correction factor related to
increasing daylight length towards higher latitudes
(Huglin 1978).

The DI was developed specially for vineyard use
(Tonietto & Carbonneau 2004). The index character-
izes soil water reserves at the end of the growing sea-
son, taking into account initial soil moisture (W0 =
200 mm), monthly precipitation (Pm), water loss
through transpiration (ET) and evaporation (ES) from
bare soil. Transpiration losses are defined by poten-
tial evaporation (PET) and the plant radiation absorp-
tion coefficient (a), while bare soil eva poration is
additionally driven by the number of days with effec-
tive soil evaporation.

2.4.  Statistics

Statistical differences in the mean of a dependent
variable (i.e. BIs) between the first period (1960−
1991) and the studied period (1986−2015) were

investigated by independent t-test with a confidence
level of 95%. The test was performed for each of the
1024 grid cells.

3.  RESULTS AND DISCUSSION

3.1.  Growing season indices

Narrow areas suitable for the production of high-
quality wines are often determined by growing sea-
son isotherms that vary from too cold (<12°C) to too
hot (>22°C) (Jones 2006). In the ER region, the mean
growing season temperature significantly increased,
with a magnitude of up to 1.5°C in certain areas,
causing classification shifts (according to Jones) in
the majority of vineyard areas. In particular, in the
period 1961−1990, grapes were mostly cultivated in
the ‘warm’ areas of the ER (17 to 19°C), which shifted
to ‘hot’ (19 to 21°C) in the later period 1986−2015
(Fig. 2a,b,c). This increase in the mean growing
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Variable Description Reference

Growing season indices
Tmean Growing season mean temperature (1 April−31 October) (Jones 2006, Fraga et al. 2014)
Tmin Growing season minimum temperature (1 April−31 October) (Ramos et al. 2008)
Tmax Growing season maximum temperature (1 April−31 October) (Ramos et al. 2008)
ND 25−30°C Number of days with a maximum temperature in the range of 25−30°C (Carbonneau et al. 1992)

(1 April−31 October)
ND > 30°C Number of days with a maximum temperature >30°C (1 April−31 October) (Neethling et al. 2012)
WI Growing Degree Day or Winkler Thermal Index; see Section 2.3. (Winkler et al. 1974)
HI Heliothermal Index or Huglin Index (1 April−30 September); see Section 2.3. (Huglin 1978)
GSl Growing season length (GSst−GSed); the number of days between (Ruml et al. 2012)

the start and end of the growing season
GSed Climatologically defined end of the growing season; day followed by (Ruml et al. 2012)

a series of 5 sequential days with an average temperature below 10°C, 
which are not followed by a sequence of 5 days with an average 
temperature above 10°C

GSst Climatologically defined start of the growing season; day preceded (Jones & Davis 2000)
by the first occurrence of 5 consecutive days with an average temperature 
above 10°C, which are not followed by a sequence of 5 days 
with an average temperature below 10°C

CNI Cool Night Index (1−30 September); average of minimum temperatures (Tonietto 1999)
during the ripening period

DTR Diurnal temperature range (1 August−30 September); thermal amplitude (Ramos et al. 2008)
during the ripening months

Ptot Growing season total rainfall (1 April−31 October) (Ruml et al. 2012)
WD Number of wet days (1 April−31 October); the number of days (Ruml et al. 2012)

with precipitation >5 mm
DI Dryness Index (1 April−30 September); see Section 2.3 (Tonietto & Carbonneau 2004)

Frost indices
FFP Length of the frost-free period (LF−FF); the number of days between (Ruml et al. 2012)

the last spring frost and the first fall frost
FF Date of the first fall frost; the first fall day with temperature ≤0°C (Ruml et al. 2012)
LF Date of the last spring frost; the last spring day with temperature ≤0°C (Ruml et al. 2012)

Table 1. Description of growing season and frost indices used in the study
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 season temperature is likely to have an impact on
regional viticulture suitability and the production of
high-quality wines. For example, the reduction in
areas with ‘warm’ temperature, which is optimal for
Sangiovese, one of the main red cultivars in the ER,
may induce viticulturists to cultivate later ripening
grapevine varieties in order to adapt to the upcoming
warming conditions which are predicted for the
whole of northern Italy (Ruml et al. 2012). Apart from
notable area reduction, zones with ‘warm’ mean
growing season temperature shifted towards higher
elevations, with mean heights of 67 and 335 m in the
first (1961−1990) and second periods (1986−2015),
respectively (Fig. 2d). In contrast, smaller elevation
shifts were detected for zones with ‘cold’ and ‘inter-
mediate’ mean growing season temperatures. Zones
characterized by ‘hot’ mean growing season tem -
perature had approximately constant mean height
(Fig. 2d; see Table S1 in the Supplement for classifi-
cation definitions).

Similarly to the mean temperature, the minimum
and maximum temperatures mostly increased in the
ER during the second studied period compared to the
first, which is supported by other studies (Antolini et

al. 2016) (see Figs. S1a,b & S2a,b in the Supplement).
Unlike the maximum and mean temperatures, how-
ever, the increase in minimum temperature was not
significant over the entire ER, and certain small areas
even showed a decrease (Fig. 2c; see Figs. S1c & S2c
in the Supplement). According to Tomozeiu et al.
(2007), the maximum and minimum temperatures
will continue to rise in future decades, with the mini-
mum temperature increasing by 2°C during winter,
summer and fall, and the maximum temperature
increasing by 3 to 5°C during spring and summer by
the end of the 21st century under the A2 scenario.
The temperature rises caused spatial shifts of zones
characterized by particular temperatures towards the
south of the ER region, which is predominantly hilly
and mountainous. Additionally, as a direct conse-
quence of rising maximum temperatures, the number
of days with a maximum temperature in the range of
25 to 30°C diminished (results not shown), while
the number of days exceeding 30°C significantly in -
creased over the ER grape-growing zones and most
of the mountainous areas (Fig. 3) in the second period
(1986−2015) compared to the first (1961− 1990).
These changes may affect plant photosynthesis and
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Fig. 2. Average growing season mean temperature in Emilia-Romagna for the periods (a) 1961−1990 and (b) 1986−2015.
(c) Differences between the 2 periods in average growing season mean temperature, where areas with statistically signifi-
cant (p < 0.05) differences are shown with hatched lines and a black border. (d) Elevation mean (central line), maximum and
minimum values (whiskers), and standard deviation (box) of areas within the same classification group (see Table S1 in the 

Supplement); black: 1961−1990; red: 1986−2015
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growth, since days with maximum temperatures in
the range of 25 to 30°C are optimal for grapevine
photosynthesis (Carbonneau et al. 1992). On the
other hand, several days exceeding 30°C can pro-
voke plant heat stress, premature véraison, berry
abscission, reduced flavor development, and enzyme
activation (Mullins et al. 1992). During the 21st cen-
tury, daily maximum temperature in the vegetative
period could even exceed 45°C, reaching the upper
temperature limit for photosynthesis (Greer & Wee-
don 2012), and having a detrimental impact on berry
composition and yield.

The GDD values calculated using 2 methods (see
Section 2 for details) were not sig nificantly different
for most of the ER area (see Fig. S3a,b in the Supple-
ment). Hence, the ‘standard’ GDD calculation method
(1 April to 31 October) was suitable for displaying
thermal accumulation in the growing season. How-
ever, due to the higher  temperatures, the climatologi-
cally defined growing season might start before 1
April and end after 31 October. Therefore, the ‘stan-
dard’ GDD calculation method might not be suitable
in the future and may need additional adjustments
(as presented in Method 2; see Section 2.3) in order to
provide more accurate predictions of seasonal
thermal accumulation in the coming decades. Using
the standard method of calculation, a significant in-
crease in the GDD value was detected for the entire
region. The magnitude of the increase varied from

<100 GDD units (°D) in some mountainous areas to
>350 GDD °D units in some central zones (Fig. 4c).

For the production of the high-quality wines, 1400 to
2000 GDD °D units are typically required, depending
on vine variety and environmental factors (Gladstones
1992). The total area with optimal growing season
thermal accumulation (1400 to 2000 GDD °D) for pro-
duction of the high-quality wines was approximately
constant in the ER during the 2 studied periods, despite
the spatial shifts of these areas in the second period
(1986−2015). In the center of the ER, some current
grape cultivation areas became ‘too hot’ (>2000 GDD
°D) while some areas in the south of the ER became cli-
matologically optimal for the production of high-qual-
ity wines (Fig. 4a,b). According to the Winkler et al.
(1974) classification (see Table S1 in the Supplement),
the majority of the current grape cultivation areas in
the ER were characterized as ‘Region 2/Region 3’ and
‘Region 3/Region 4’ during 1961− 1990 and 1986−2015,
respectively, with spatial shifts oriented towards zones
with higher elevation and with the occurrence of ‘heat
islands’ in central zones (Fig. 4a,b). Areas characterized
as ‘Region 3’ had the strongest shift towards higher el-
evations, with mean heights of 41 and 271 m, in 1961−
1990 and 1986− 2015, respectively. Zones characterized
as ‘Regions 1 and 2’ had a mean elevation difference in
the range of 150 to 200 m between the 2 periods, while
the mean elevation shift of areas classified as ‘Region 4’
was <10 m (Fig. 4d).
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Fig. 3. Average number of days with maximum tempera-
ture >30°C during the growing season in Emilia-
Romagna for the periods (a) 1961−1990 and (b) 1986−
2015. (c) Differences between the 2 periods in average
number of days with a maximum temperature >30°C,
where areas with statistically significant (p < 0.05) differ-
ences are shown with hatched lines and a black border
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Displacement of the areas determined by the
Huglin (1978) classification (see Table S1 in the Sup-
plement) was oriented towards higher elevations,
with the highest thermal accumulation detected in
the central and northern grape cultivation zones in
the second period (1986−2015) (see Fig. S4a,b in the
Supplement). The majority of the high-quality grape-
producing areas was classified as ‘temperate/ warm
temperate’ in the first period (1961−1990). How ever,
these areas shifted to ‘warm temperate/ warm’ in the
second period (1986−2015), due to a  significant
increase in thermal accumulation (see Fig. S4a,b,c in
the Supplement). This increase in thermal accumula-
tion will likely continue in the future. It is predicted
that the whole of northern Italy, including the ER,
could be characterized as a ‘warm’ (according to the
Huglin Index) grape-growing region in future
decades (2041−2070; A1B scenario) (Fraga et al.
2013). In general, the magnitude of these changes
will depend strongly on future anthropo genic carbon
emissions into the atmosphere. Higher temperatures
and consequently higher thermal accumulation
could lead to an earlier appearance of the phenolog-

ical stages (e.g. bud-breaking, flowering, véraison)
(Kartschall et al. 2015, Fraga et al. 2016, Ruml et al.
2016), in certain cases, a shorter time be tween 2 phe-
nological stages (Fraga et al. 2016), and an earlier
harvest (Jones & Davis 2000, Bock et al. 2011). This
accelerated pace of phenological events and earlier
harvest in warmer conditions may have negative
impacts on berry composition and wine quality, e.g.
changes in the sugar/acid ratio due to faster sugar
accumulation and acid degradation (Ur hausen et al.
2011), and reduction of aromatic compounds
(Duchêne & Schneider 2005) and anthocya nins (Mori
et al. 2007). However, the negative effect of higher
temperatures will strongly depend on vineyard man-
agement and adaptation of grape varieties to the
warmer conditions (van Leeuwen et al. 2013, Palliotti
et al. 2014). However, it is possible that warming
could also positively influence wine quality (Jones et
al. 2005).

The climatologically defined start, end, and length
of the growing season have a limited ability to pre-
dict the exact occurrence of phenological events for
certain grape varieties in the ER. This is due to the
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Fig. 4. Average thermal accumulation during the growing season in Emilia-Romagna presented as Growing Degree Day
(GDD) for the periods (a) 1961−1990 and (b) 1986−2015. (c) Differences between the 2 periods in average GDD, where areas
with statistically significant (p < 0.05) differences are shown with hatched lines and a black border. (d) Elevation mean (central
line), maximum and minimum values (whiskers), and standard deviation (box) of areas within the same classification group  

determined by Winkler (see Table S1 in the Supplement); black: 1961−1990; red: 1986−2015



Clim Res 73: 195–206, 2017

wide diversity of grape varieties planted in the ER
and the important influence of the ‘cultivar’ factor on
these predictions (de Cortázar-Atauri et al. 2009).
However, the presented method could provide a
valuable insight into the general changes in the start-
ing and ending dates of the growing season for stud-
ies on a regional scale. Warming during the past
decades has induced an extension of the growing
season length in the ER, where areas with minimal
indispensable vegetative season length, roughly 170
to 190 d (Mullins et al. 1992), shifted towards the south
of the region to the non-traditional viticultural zones,
thereby, making them climatologically suitable for
the growing of early ripening grape varieties (see
Fig. S5a,b in the Supplement). However, changes
were not homogeneous, or statistically significant
over the entire region. The central ER areas, like the
hilly and mountainous areas, profited significantly in
growing season prolongation (>10 d). In the rest of the
ER, season length increase was not significant (see
Fig. S5c in the Supplement). Growing season length
extension was affected more by an earlier start than
by a later end of the climatologically defined growing
season (see Fig. S5d,e in the Supplement).

Over the entire ER region, the Cool Night Index
(CNI), related to the synthesis of anthocyanins in
grapes, was approximately constant in both studied
periods. It ranged from 10°C in mountainous and
hilly areas to 15°C in zones close to urban areas, with
the majority of vineyard areas being under the cool
night regime (see Table S1 in the Supplement). Sim-
ilar observations were reported in a recent study con-
ducted for the period 1950−2009 (Santos et al. 2012),
in which the authors detected CNI values in approx-
imately the same range (10 to 15°C) over the entire
ER area. Several studies (Kliewer 1977, Tonietto &
Carbonneau 1998) have reported a favorable effect
of night temperatures in an approximate range of 10
to 15°C on anthocyanin accumulation during the
ripening months. Therefore, the results obtained in
this study suggest optimal night conditions for red
and rosé wine production, which represents 55% of
the total ER wine production (Pollini et al. 2013). The
diurnal temperature range (DTR) during the ripening
months, an index mostly related to red wine quality
(Ramos et al. 2008), increased in the second period
compared to the first for most of the ER. However, the
changes were not necessarily significant (see
Fig. S6a,b,c in the Supplement). A significant in -
crease in DTR was detected in most of the ER high-
quality wine-producing zones, suggesting an effect
on red wine composition, which would be positive
only up to a certain limit (Ramos et al. 2008). An ex -

cessively large DTR, which may occur in future
decades due to the likely additional warming in the
ER (Tomozeiu et al. 2007, Fraga et al. 2013), may also
have negative effects on wine quality.

Growing season precipitation in the period 1961−
1990 varied from approximately 1000 mm in the
moun tainous areas to below 400 mm in areas close to
the River Po Delta, while most of the vineyard areas
had precipitation in the range of 400 to 550 mm. In
the second period, an increase in precipitation was
detected in northeastern, certain central, and south-
western ER areas, while a reduction was detected for
the rest of the ER (Fig. 5a,b). However, a statistically
significant change was identified only in small sec-
tions of the northeastern area (Fig. 5c).

The changes in precipitation detected in the pres-
ent study were accompanied by a significant reduc-
tion in wet days (precipitation >5 mm) in the small
sections of the southeastern area, while a significant
increase was detected in sections of the small central
area and the area close to the River Po Delta (see
Fig. S7 in the Supplementf). Even though certain
areas in the ER had more precipitation in the second
studied period (1986−2015) (Fig. 5c), the entire ER and
northern Italy could see a decrease in precipi tation,
with a magnitude of up to 100 mm in certain areas
(Ruml et al. 2012), by the end of the 21st century, sug-
gesting longer droughts and drier conditions.

Drier conditions (evaluated with the DI) were
detected in almost the entire ER during the second
period compared to the first (Fig. 6). This was the
case even in certain areas with increased precipita-
tion (e.g. some parts of the central area), indicating
that, besides precipitation, temperature also has a
noticeable effect on soil water availability in the ER
(Figs. 5c & 6c; see Fig. S2c in the Supplement). The
negative effect of the increasing temperatures on soil
water availability could be due to higher soil evapo-
ration under warmer conditions (Alcamo et al. 2007).
As expected, significantly drier conditions were de -
tected in the areas that had less precipitation and the
highest warming in the second period compared to
the first (Figs. 5c & 6c; see Fig. S2c in the Supple-
ment). Even though the majority of the vineyard
areas were classified as ‘humid/moderately dry’ in
both periods (Fig. 6a,b; see Table S1 in the Supple-
ment), the detected drier conditions suggest potential
challenges for the production of high-quality wines
in the ER during future decades. This is due to the
possible occurrence of ‘sub-humid’ (see Table S1 in
the Supplement) conditions in some areas tradition-
ally cultivated with grapes. The possibility of drier
conditions in future decades is supported by a recent
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study (Fraga et al. 2013), in which certain areas in the
ER were classified as ‘sub-humid’ during the period
2041−2070 under the A1B scenario. The detected
changes could drive viticulturists to implement irri-
gation systems, which are not traditionally used for

grape cultivation in the ER, in order to mitigate the
consequences of warmer and drier conditions, such
as crop load reduction (Ramos & Martínez-Casas -
novas 2010) or higher sugar accumulation in berries
(Poni et al. 2007).
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Fig. 5. Average total precipitation during the growing
season in Emilia-Romagna for the periods (a) 1961−
1990 and (b) 1986−2015. (c) Differences between the 2
periods in average growing season precipitation, where
areas with statistically significant (p < 0.05) differences 

are shown with hatched lines and a black border

Fig. 6. Average Dryness Index (DI) during the growing
season in Emilia-Romagna for the periods (a) 1961−
1990 and (b) 1986−2015. (c) Differences between the 2
periods in average DI, where areas with statistically sig-
nificant (p < 0.05) differences are shown with hatched 

lines and a black border
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3.2.  Frost indices

The timing of frost occurrence, as well as the
length of the frost-free period (FFP), may have a sig-
nificant influence on viticulture. For example, spring
frost occurrence after budburst could damage devel-
oping buds and decrease crop load, while the occur-
rence of fall frost before grape harvest could damage
maturing canes and berries (Ruml et al. 2012). In our
study, a significant reduction in the length of the FFP
was detected in small sections of the southeastern
and northwestern cultivated areas, while it signifi-
cantly increased in small sections of the central and
northern viticultural areas of the ER (Fig. 7a–c). The
decrease in the length of the FFP in certain grape
cultivation areas was most likely due to lower mini-
mum temperatures in those areas during the second
studied period (1986−2015) compared to the first
(1961−1990) (Fig. 7c; see Fig. S1c in the Supplement).
Furthermore, positive or negative variations in the
FFP were caused by the different timing of both the
first fall frost (FF) and the last spring frost (LF). Aver-
age FF occurrence, depending on the area, varied
over the ER from late October to the beginning of
December in the period 1961−1990 (data not shown).
In the second studied period (1986−2015), signifi-
cantly earlier FF occurrence was detected in small
sections of the southeastern and southwestern culti-

vated areas, while delayed timing of FF was detected
in small  sections of the central and northern areas of
the ER (see Fig. S8a in the Supplement). Average LF
oc currence over the entire ER ranged from early
March to late April in the period 1961−1990 (data not
shown), with significantly earlier timing during the
second period (1986−2015) in small areas spread
over the ER and significantly later LF timing in small
sections of the northwestern and northern areas (see
Fig. S8b in the Supplement).

4.  CONCLUSIONS

The findings of the present study highlight the
changes in climate related to the viticultural suitabil-
ity of the ER region during 2 periods, 1961−1990 and
1986−2015. Detected changes in the growing season
temperatures and BI may affect suitability for the
production of high-quality wine in the ER, which
could become ‘too hot’ for this purpose. Negative
impacts of increasing temperatures on wine produc-
tion could be mitigated by planting later ripening
grape varieties, compared to those currently present
in the ER, or by establishing new vineyard areas at
higher elevations. Also, the study results suggest
that warmer and drier conditions in the last 30 yr
(1986−2015) have decreased soil water availability,
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Fig. 7. Average frost-free period (FFP) during the
growing season in Emilia-Romagna for the periods (a)
1961−1990 and (b) 1986−2015. (c) Differences between
the 2 periods in average FFP, where areas with statisti-
cally significant (p < 0.05) differences are shown with 

hatched lines and a black border
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which is important for grapevine development in
 certain areas of the ER. This implies the need for an
updated strategy for the future implementation of
irrigation systems in vineyards. Furthermore, the
obtained results suggest that wine production expan-
sion in the ER will depend greatly upon upcoming
climatic changes. Thus, there is a need for further
studies based on the assessment of BI for future
decades, computed from climate model output data
under different CO2 emission scenarios.
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