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1.  INTRODUCTION

The wine industry is a large and growing sector of
the Portuguese economy, especially as emerging
markets such as China and Brazil increase global
wine demand. Portugal ranks among the top 10 wine-
exporting countries in the world annually, accounting
for approximately 3% of the total global market share
(the Wine Institute, www.wineinstitute. org/). Port
wine production is a substantial component of the
wine industry in Portugal, comprising 22% of total
wine production (Wines of Portugal, www.winesof
portugal.com/en/). Although fortified wines are pro-
duced elsewhere, such as sherry from Spain, Marsala
from Italy, Madeira from the Madeira Islands (Portu-
gal), Commandaria from the Republic of Cyprus, mis-

telle from France, and vermouth from Italy and
France, all of the world’s authentic Port wine is pro-
duced in Portugal’s Douro River Valley (Fig. 1).

As with any agricultural commodity, the Portu -
guese Port industry is intricately tied to climate.
Although substantial work has been done to describe
the atmospheric variables associated with variability
in the quantity of Port wine production in Portugal,
more should be done to elucidate the effects of atmo -
spheric circulation variability and climate change on
the industry, especially regarding Port quality. The
purpose of this study is to identify empirical linkages
between atmospheric circulation and the historical
production of wine in Portugal. Atmospheric features
associated with the declaration of the highest quality
‘vintage’ Port years are of particular interest.
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1.1.  Characteristics of Port

There are a variety of different types of Port, such as
white, red, ruby, rose, and tawny, with ruby being the
most popular. Most types are normally blended with
previous years’ wines in order to maintain constancy
of style and quality. As such, no date or year appear
on most Port bottle labels, as the wines are recognized
as blends. However, some Ports do carry an indication
of age and a date of harvest. Ports with the date of
harvest are usually those made from a  single high-
quality harvest and these are declared ‘vintage Ports’.
Vintage year declarations are determined by an inde-
pendent group that examines wine samples from
across the entire Douro region. However, some winer-
ies declare their own vintage years. Samples are

drawn from ageing casks at intervals and quality is
assessed. After a period of 16 mo of ageing, the wine
may be submitted to the Port Wine Institute (IVP) for
approval as a vintage Port (Henderson & Rex 2012).

Vintage Port is produced from a single year’s har-
vest of a higher-quality grape. The wine is usually
bottled in the  second or third year of wood cask age-
ing and al lowed to mature further in the bottle. The
subtleties of the taste features among different vari-
eties and ageing techniques have led to much
chemometric research on Port (Ortiz et al. 1996, Rud-
nitskaya et al. 2007, Agati et al. 2013). Recent
research has even suggesting that Port has antiprolif-
erative properties toward human cancer cells that
differ among ages and varieties (Oliveira et al. 2015).

Late bottled vintage (LBV) is also generally associ-
ated with a particularly good year’s single harvest.
This wine is usually bottled during the sixth year of
ageing and the label expresses both the year of har-
vest and the date of bottling with the designation
‘L.B.V.’ This study considers only the officially de -
clared vintage Port and LBV years during the period
1900−2012 (Box 1). It is recognized that some winer-
ies may produce excellent wines during ‘non-vin-
tage’ years and some wineries may produce lower-
quality wines during officially declared vintage
years. This study focuses on the official vintage dec-
laration, which includes the majority of regional
wineries. Therefore, the study operates under the as -
sumption that the official declarations are consistent.

Traditionally, there are about 3 vintage Port decla-
rations per decade, although variations in frequency
have occurred. In the study period, the 1940s and the
2000s saw the most vintage year declarations, with 4
declarations in each of these 2 decades. The fewest
occurred in the 1930s and the 1950s, with 1 declara-
tion in each of these decades.

1.2.  Physical setting

The ‘terroir’ refers to all environmental conditions
including climate, soil type, and basic geomorpho -
logy important to the production of wine (Fraga et al.
2014a, Jones 2015). Resulting wine characteristics
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1904, 1906, 1908, 1912, 1917, 1920, 1924, 1927, 1935,
1940, 1942, 1945, 1948, 1955, 1960, 1963, 1966, 1970,
1975, 1977, 1980, 1983, 1985, 1992, 1994, 1997, 2000,
2003, 2007, 2009, 2011

Box 1. Officially declared vintage Port years: 1901−2012. 
Source: www.vintageport.biz

Fig. 1. The Douro River Valley wine region of Portugal
(yellow). Surface analysis grid centered over the Douro 

River wine region (shaded area)
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such as fruit style, fruit flavors, body, acidity and
overall style are reflective of terroir (Jones 2015). Por-
tugal is divided into 12 winemaking regions (Fraga et
al. 2014b). For the Douro River Valley winemaking
region (see Fig. 1), the oldest demarcated region reg-
ulated by law in the world, the terroir allows for the
production of primarily astringent and black, fruit
flavored, full-bodied dark red wines.

The general climate of the Douro region is classi-
fied as Mediterranean warm summer (Csb) in the
Köppen-Geiger climate classification system. The
wine producing areas of France, Chile, and New
Zealand are classified as marine west coast (Cfb), as
their climates are cooler and wetter than Csb, and
the regions are therefore associated with different
grape varieties and resulting wine types. The wine-
 producing regions of the northern Mediterranean
rim, including southern France, Italy, and eastern
Spain fall into the Mediterranean (Csa) climate type
which is characterized by slightly wetter and cooler
summers than Csb climates.

A primary climate control of the Douro region is the
significant orographic effect from the surrounding
mountains. This geography protects the region from
cold incursions from the North Atlantic, resulting in a
more continental type of climate normally associated
with locations much farther inland. The orographic
effect gives rise to a drier overall climate with cool
winters and warm summers. Real et al. (2015)
showed that accumulated heat through summer is a
primary influence on wine production in the Douro
region. Soil moisture deficits through the Douro
region normally occur from June through October
with recharge occurring until January, and a climato-
logical surplus persisting through May.

Soils in the Douro region derive from schist, which
is rich in nutrients and ideally suited to wine produc-
tion, as the soils retain water well during the dry sum-
mer period. This water retention is essential for the
survival and growth of the various grape varieties. In
general, western Douro regions are wetter than areas
farther east. The western regions, such as the Marão
Mountain area (Baixo Corgo region), tend to produce
lighter wines made from higher-yielding grape vari-
eties that mature early. The eastern regions such as
the Cima Corgo area and the Douro Superior region
are known for deeper, complex, and more intense
wines, made from lower-yielding, small, thick-
skinned grape varieties that are better adapted to the
drier conditions (www.taylor.pt/en/what-is-port-wine/
douro-vallay-vineyards). The physical condi tions
make the region ideally suited to Port wine agricul-
ture, and Mateus et al. (2002) noted that middle- to

higher-elevation sites within the Douro River Valley
may be the best suited to Port production.

Grapes are well suited to the Douro terroir. The
best-known variety, and the one traditionally associ-
ated with Port is Touriga Nacional, which is a small,
thick-skinned grape that produces a sweet, low juice
yield. This results in a dark and concentrated wine
dominated by black fruit flavors, abundant structure,
and high tannins (Stevenson 2011). Touriga Nacional
is planted in very rocky, low-quality soil and along
steep regions of the Douro Valley. Touriga Francesa
is the fifth most widely planted grape variety, as it
produces consistent yield and wines even in poor
growing areas. The grape produces a high-quality,
intense, fruity essence and bouquet whose character-
istics are more subtle that those of Touriga Nacional
(Robinson 1986). Tinta Barroca is a grape variety
restricted to cooler, typically north-facing slopes, and
shady areas. It produces a very sweet, fragrant, and
soft wine rich in anthrocyanins that is more astrin-
gent than the higher-tannin wines (Robinson 1986).
Tinta Roriz (Tempranillo in Spain) was introduced to
the Douro region relatively recently. It is a large
grape that adapts well to different climate and soil
conditions, and produces a high yield, which has
motivated increased planting of this variety through
the Douro region. It produces a well-structured, ele-
gant, and complex wine (www.taylor.pt/en/what-is-
port-wine/ douro-valley-vineyards). Due to its adapt-
ability, yield, and flavor profiles, it is grown in many
other wine-producing regions such as the west coast
of the United States, Australia, New Zealand, Mex-
ico, as well as parts  of South America and the Middle
East. It is the primary grape used in Rioja, one of the
best-known wines of Spain (Mayson 2012). By con-
trast, Tinta Cão is the oldest grape variety in the
region. This variety is very well adapted to the cli-
mate conditions of the region, and extremely reliable
and consistent across a variety of soil qualities. How-
ever, it is a low-yield, small berry variety and, for this
reason, it is the least widely planted variety. The
grape produces an acidic, velvety, textured wine that
greatly improves with age (Robinson 1986).

The primary feature of Port production is the addi-
tion of aguardente, a neutral grape spirit (brandy)
that halts fermentation while the wine is still sweet,
fruity, and robust. Such practices stem from the
need to preserve wines on voyages, but fortification
 typically advances flavor profiles, originally charac-
teristic of the terroir, to otherwise marginal wines.
Fortification also increases alcohol content and mini-
mizes further chemical alterations. Typical Port car-
ries an alcohol content of about 20%, which is much
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stronger than most other wines, which are normally
in the range of 11 to 15% alcohol content. The pro-
duction of Port also has impacts on the environment
as much as it is influenced by the environment, with
winery effluents being substantial in the small geo-
graphic area of production (Pirra et al. 2010).

1.3.  Background: atmospheric conditions and
port wine quality and quantity

Many recent studies have examined the relation
between changing atmospheric conditions and Euro-
pean wine production. Climate changes are widely
recognized to affect European wine production
(Jones et al. 2005). The majority of studies indicate
that the current changing climate is improving wine
quality through increased temperatures and de -
creased precipitation (Dalu et al. 2013). However, cli-
mate change also poses threats to wine producers
(Battaglini et al. 2009). Kenny & Harrison (1992) pro-
vided an early modern overview of the relationship
between climate variability and change and wine
grape production across Europe, with both an ana -
lysis of conditions from 1951−1980 and projections
based on general circulation model (GCM) output.
Bindi et al. (1996) was among the first studies to pro-
ject yield changes based on scenarios of GCM-simu-
lated future climates, including projected changes in
CO2 concentrations; the study found  a wide range of
projected yields in Italy, depending on the GCM and
the variety of grape selected. Since that time, several
similar studies have subjected small regions within
Europe to closer analysis. Notable examples include
studies focused on Greece (Koundouras et al. 1999),
France (e.g. Jones & Davis 2000a, Duchêne & Schnei-
der 2005), the Miño River Valley of Spain (Blanco-
Ward et al. 2007), the Tokaj region of Hungary
(Makra et al. 2009), Baden-Württemberg in Germany
(Neumann & Matzarakis 2011), and Douro (Jones &
Alves 2012, Fraga & Santos 2017).

Environmental research aimed at predicting yields in
the viticulture region of Portugal has been undertaken
extensively by a few research groups, but is otherwise
sparse. Cunha et al. (2003) used measured pollen con-
centrations at key times in the growing season to
derive a statistical forecast model of wine production.
Santos et al. (2013) identified a 3−to 4 mo lagged pre-
dictive relationship between atmospheric temperature
and precipitation anomalies and harvest in the Douro
River valley. Similar models were derived to forecast
production in the Lisbon (Malheiro et al. 2013) and
Minho (Fraga et al. 2014c) regions of Portugal.

Several recent studies have used atmospheric
model projections to assess the future of Portuguese
viticulture. Simulation using an ensemble of 16
regional climate model (RCM) experiments led Fraga
et al. (2012, 2013, 2016) to conclude that a significant
reshaping of the wine-growing region of Portugal is
underway, as higher temperatures and lower precip-
itation are forecasted for the 2011−2070 period, espe-
cially across southern and inland Portugal. These
results generally corroborate those of Malheiro et al.
(2010), who projected substantial changes in Euro-
pean wine geography as a whole. Fraga et al. (2014b)
provided evidence of projections of mesoscale cli-
matic shifts through the use of downscaling.

Future projections of wine grape yield in Portugal
are conflicting. Santos et al. (2011) used predictive
modeling to project a slightly increasing trend in
yield in the Douro region until about 2050, with a
subsequent sharper increase to 2100. Follow-up re -
search by Santos et al. (2013) projected a 10%
increase in production by 2100, based on output from
the ensemble of 16 RCM experiments. However,
Schultz (2000) cautioned that concurrent changes in
solar radiation could actually decrease yields, and,
along with projected precipitation decreases, could
have deleterious impacts on flavor development,
with the Iberian Peninsula feeling the effects more
than elsewhere in Europe. Jones & Alves (2012) con-
cluded that projected future warming will have both
positive and negative impacts in the region simulta-
neously. Real et al. (2015, 2017) agreed with Baciocco
et al. (2014) that accumulated heat through the grow-
ing season is important to wine quality, in the Douro
region and France, respectively.

The relationship between wine production and
broad-scale atmospheric circulation variability has
been actively studied recently. Rodó & Comín (2000)
related increased Iberian Peninsula precipitation to
ENSO events to resulting higher-quality wine pro-
duction for the region. Souriau & Yiou (2001) used
French and Swiss grape harvest data as a paleo-
 environmental proxy for the NAO index. Esteves &
Orgaz (2001) related Portugal wine quality to month -
ly air temperature and precipitation amounts, as well
as monthly circulation fluxes driven by the Southern
Oscillation Index and NAO. Grifoni et al. (2006) re -
lated temperature, precipitation and teleconnection
indices to Italian wine quality.

Long-term circulation changes bring changes in
temperature, precipitation, and other atmospheric
variables that are known to impact viticulture. More-
over, GCMs are increasingly able to predict circula-
tion changes, including those associated with long-
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term modes of atmospheric variability in the form of
atmospheric teleconnections (Karnauskas et al. 2012,
Song & Zhang 2014). Therefore, improved under-
standing of the circulation patterns that are known to
have dominated in high-quality versus low-quality
seasons, or high-quantity versus low-quantity ones,
may enable long-lead climate predictions to inform
viticulture forecasts in the world’s primary Port wine
producing region.

A rich literature exists on the use of synoptic clima-
tological methodologies to derive the major modes of
atmospheric circulation variability. While Santos et
al. (2007) employed k-means clustering to identify at-
mospheric circulation patterns conducive to drought in
Portugal, eigenvector-based map pattern classifica-
tions (e.g. Yarnal 1993) have been more traditionally
used for such purposes. In general, the object is to
minimize the within-group variability in atmo spheric
flow, as defined by geopotential height patterns, and
maximize the between-group variability. This work is
along the lines of that of Jones & Davis (2000a), who
used a spatial surface pressure analysis and a tempo-
ral air mass analysis to link circulation patterns to sur-
face weather parameters important to Bordeaux re-
gion viticulture. Specifically, Jones & Davis (2000b)
identified that viticulture grape quality and wine
 production improve with increased frequency of
episodes involving lower temperatures, and higher
precipitation totals along with increased winds to
 delay plant phenology during flowering and berry
setting times. Santos et al. (2012) employed a similar
technique, using principal components analysis to
identify major modes of variability in bioclimatic in-
dices that pertain to viticulture across Europe.

It is widely accepted (e.g. Vintage Port 2016) that
vintage years in the Douro region generally occur
after a cold and wet winter followed by a warm and
dry spring then a very hot summer. It is thought that
such conditions allow grapes to sweeten to greater
levels than in other conditions. Also, some rain in
August and September is ideal, as this helps increase
grape water content. This study tests this generalized
model relative to Port quality, in addition to attempt-
ing to discern important circulation flow regimes
and/or circulation changes coincident with vintage
Port years.

2.  DATA AND METHODS

A generalized surface analysis of atmospheric con-
ditions is combined with a monthly mean circulation
analysis that also includes an examination of the NAO

and Arctic Oscillation (AO) teleconnection indices us-
ing data obtained from the Climate Prediction Center
(www.cpc.ncep.noaa.gov). Surface data are obtained
from The Climatic Research Unit (http://badc.nerc.ac.
uk/ data/cru) for a grid centered over the Douro River
valley of Portugal bounded by latitudes 41.25° to
41.75° N and longitudes 7.25° to 8.25° W (Fig. 1). Sur-
face data include mean monthly precipitation (PPT),
monthly PET, maximum monthly temperature (Tmax),
minimum monthly temperature (Tmin), and monthly
average air temperatures (TMP) from 1901 to 2012.
The surface analysis includes calculation of general
descriptive statistics and testing of means, in addition
to linear trend analysis to identify changes over time
for annual and seasonal (winter = DJF) components of
non-vintage years separately from vintage years.

In addition, an examination of the sea level pressure
(SLP = 1000 hPa), along with 850, 700, 500, and
300 hPa geopotential height levels is performed. This
is in contrast to previous research on the effects of cli-
mate on viticulture in the region, which has primarily
focused on teleconnections (Redó & Comín 2000, Es-
teves & Orgaz 2001, Souriau & Yiou 2001) and/or sur-
face climatic components (Grifoni et al. 2006, Malheiro
et al. 2013, Baciocco et al. 2014, Real et al. 2015, 2017).
Geopotential height data are obtained from
NCEP/NCAR Reanalysis (Kalnay et al. 1996) and
cover the period 1948−2012 for a grid that extends
from 20° to 70° N and from 90° W to 40° E (Fig. 2). This
2.5° × 2.5° grid, centered over the North Atlantic, in-
cludes 1113 grid points. The use of upper-level data is
in tended to reveal general circulation flow patterns
and their link to the quality of wine production by sep-
arating generalized circulation during vintage Port
years, and analyzing circulation anomalies  during
those seasons and years as compared to other years
(‘non-vintage’) which did not produce a vintage dec-
laration.

Monthly composites of the gridded circulation data
are constructed for SLP, and the 850, 700, 500, 300,
and 300 hPa geopotential height surfaces for both
vintage and non-vintage years. Seasonal composites
are also produced, as are difference maps between
vintage and non-vintage years by month and season.

3.  RESULTS AND DISCUSSION

3.1.  Surface atmospheric features

A Spearman correlation analysis was performed on
the surface variables and year to identify linear
trends over time. Statistically significantly (α < 0.05)
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increasing linear trends for non-vintage years were
identified for all seasons for PET, Tmax, and TMP,
while Tmin showed a significantly increasing trend
during the summer and autumn seasons. Tempera-
ture results update those of Luterbacher et al. (2004),
who determined that Europe was warmer in the late
20th century than at any time during the past 500 yr,
and supports findings by van den Besselaar et al.
(2015). The analysis also confirms the findings of
 Kürbis et al. (2009), who investigated temperature
and moisture trends for Europe, and those of the
study by Scherrer et al. (2006) of Swiss temperatures.

Spearman analysis of only the vintage years sug-
gests no change in precipitation for any season,
which supports Briffa et al. (2009), who showed that
increasing water stress in Europe was due to higher
recent temperatures rather than precipitation chan -
ges. Significantly increasing vintage-year trends
(α < 0.05) through the study period occur for PET,
Tmax, and TMP for all seasons. For Tmin, significant
vintage-year change occurred only in summer.

The similarity or difference in thermal and precipi-
tation-related variables in the non-vintage and vin-
tage year data sets becomes more apparent when
several simple seasonal descriptive statistics are gen-
erated and tested. A Student’s t-test for difference of
means revealed no statistically significant seasonal
differences between non-vintage and vintage years
for PPT. The t-test revealed that autumn Tmax was
significantly greater during vintage years than dur-
ing non-vintage years. This suggests that statistically
warmer temperatures during the harvest season aid

grape development and lead to
higher-quality Port production.

No statistically significant differ-
ences in Tmin or TMP were found
between non-vintage versus vintage
years. However, difference of means
testing re vealed that PET is signifi-
cantly lower during vintage- year sum-
mers than during non-vintage-year
summers, but higher in vintage-year
autumns than during non-vintage-
year autumns. A lower summer PET is
indicative of lower crop heat/water
stress, which aids in producing
higher-quality grapes and resulting
wine. During autumn, a higher PET is
indicative of dry ripening at harvest,
which favors a more balanced fruit
product.

3.2.  Teleconnection analysis

To provide insights into linkages between surface
atmospheric variables and broad-scale atmospheric
flow, Spearman correlations were calculated be -
tween the non-vintage and vintage year surface vari-
ables and teleconnection indices. The NAO and AO
indices were chosen given their proximity to and
direct influence on European climatology (Rodwell et
al. 1999, Luterbacher et al. 2004, Scaife et al. 2008)
and known links to wine quality (Dalu et al. 2013). It
is recognized that the NAO is likely a regional mani-
festation of the AO (Deser 2000, Rogers and McHugh
2002) but, since  the indices differ, both were exam-
ined. Considering the amount of fluctuation in flow
during individual months, it is necessary to deter-
mine whether a seasonal mean is truly reflective of
the overall flow during that season; use of both
indices is more robust in this context. The time period
1950− 2012 was examined in this part of the analysis
due to the limited availability of reliable teleconnec-
tion indices.

Results suggest that Douro River regional precipita-
tion is correlated significantly to the NAO in the
spring and winter of non-vintage years, while during
vintage years, a significant correlation occurs only in
winter (Table 1). The correlations are negative in all
cases. Significant negative correlations also occur
with the AO for spring and winter for non-vintage
years, and with winter during vintage years (Table 1).
The negative sign of the correlations for the NAO in-
dex indicates that negative (positive) precipitation

122

Fig. 2. Sea level pressure and geopotential height surface analysis grid. Area 
for which data is shown in Figs. 3−6
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anomalies occur during cool season positive NAO pe-
riods when zonal (meridional) flow regimes occur.
The negative correlations for the AO index suggest
that retreat (amplification) of the circumpolar vortex
during cool seasons with a positive (negative) AO
phase drives the polar front towards the pole (equa-
tor), leaving negative (positive) precipitation anom-
alies over the study region. The teleconnection analy-
sis indicates that the relationship is present at all
times (both vintage years and non-vintage years)
with no correlation to resulting wine quality.

For Tmax, a significant positive correlation with
NAO occurs with spring and winter for vintage years
(Table 2). Significant correlations between Tmax and
AO appear with autumn for non-vintage years, and
winter for vintage years. The positive correlations in
all cases indicate an increase (decrease) in Tmax dur-
ing the associated cool seasons when the flow regime
is predominantly zonal (meridional) across the North
Atlantic Ocean and Europe. This result is logical, as
zonal flow would advect milder air toward Portugal
than meridional flow, given the position of the normal

ridge axis over the North Atlantic Ocean. This re sult
does not extend to the more central wine region of
Italy as that area shows decreased wine quality
during meridional flow in spring (Dalu et al. 2013).

For Tmin, the only significant correlation is to the
NAO in spring of vintage years (r = 0.482, p = 0.050),
suggesting that zonal (meridional) flow increases
(decreases) Tmin. No significant correlations were
identified between the teleconnection indices and
TMP for the region.

3.3.  Pressure and geopotential height analysis

Composites were created of the monthly and sea-
sonal geopotential height field means for the SLP
(1000 hPa)  and 850, 700, 500, and 300 hPa levels, for
both non-vintage and vintage years. Difference maps
were also created by subtracting the non-vintage-
year mean heights from the vintage-year means, for
each level. Fig. 3 displays the differences between
the monthly composites for vintage and non-vintage
years for mean SLP, with non-vintage year heights
subtracted from vintage year heights. Similarly,
Fig. 4 maps the differences between the monthly
composites of 500 hPa geopotential heights. To save
space, only SLP and the 500 hPa levels are depicted;
the other levels resemble the patterns shown by the
SLP and 500 hPa composites, except for the tilting of
the major features with height.

January and February show a general decrease
(increase) in SLP and geopotential heights over the
study region during vintage (non-vintage) years. Dif-
ferences between vintage and non-vintage years at
the surface and upper levels (Figs. 3 & 4) are most
apparent over the western North Atlantic, where
anomalies of opposite sign are maximized. The dif-
ference maps indicate pressure increases over the
eastern Mediterranean, suggesting an enhanced
trough (ridge) over Portugal during vintage (non-vin-
tage) years. Such a situation would relate to the fre-
quency and/or intensity of mid-latitude cyclones over
the study region, resulting in precipitation and tem-
perature changes.

During March, vintage (non-vintage) year SLP and
upper-level heights indicate ridging (troughing)
west ward of and over the study area. Such a situation
would generally dampen (enhance) precipitation
while supporting higher (lower) temperatures. This
result supports the findings of Dalu et al. (2013), who
noted that Italian wines increase in quality during
springs having decreased mid-latitude cyclone ac -
tivity; such cyclones (and their accompanying frontal
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Years (vintage Season R p-value
or non-vintage)

NAO
NV Spring −0.340 0.021
NV Winter −0.568 <0.001
Vin Winter −0.762 <0.001

AO
NV Spring −0.397 0.006
NV Winter −0.591 <0.001
Vin Winter −0.809 <0.001

Table 1. Significant correlations between seasonal compos-
ites of monthly North Atlantic Oscillation/Arctic Oscillation
indices and precipitation in the Douro region of Portugal, in
vintage (Vin) and non-vintage (NV) Port years, 1950−2012

Years (vintage Season R p-value
or non-vintage)

NAO
Vin Spring 0.624 0.007
Vin Winter 0.537 0.026

AO
NV Autumn 0.352 0.016
Vin Winter 0.498 0.042

Table 2. Significant correlations between seasonal compos-
ites of monthly North Atlantic Oscillation/Arctic Oscillation
(NAO/AO) indices and maximum temperature in the study
region, in vintage (Vin) and non-vintage (NV) Port years, 

1950−2012
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precipitation) would be blocked from reaching
southern Europe by western North Atlantic ridging.
The differences in SLP and heights for vintage versus
non-vintage years for April through August are sub-
tle. However, during September, a small increase in

500 hPa composite height differences occurs, with
maximum differences exceeding 30 m higher (lower)
during vintage (non-vintage) years; differences in
the Douro Valley are approximately 25 m. Such a sit-
uation would promote clearer (cloudier) skies, higher
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Fig. 3. Difference in mean sea level pressure (vintage years minus non-vintage years) by month, 1901−2012
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(lower) temperatures and less (more) precipitation
during vintage (non-vintage) years.

Although October differences in SLP and upper-
level heights are minor, the November patterns indi-
cate much lower (higher) SLP and deeper troughing

(ridging) over the central North Atlantic during vin-
tage (non-vintage) years. The pattern favors warm
and moist air advection and the development of mid-
latitude cyclones into southern Europe. Subsequent
increases (decreases) in precipitation and decreases
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Fig. 4. Difference in mean 500 hPa geopotential height (vintage years minus non-vintage years) by month, 1901−2012
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(increases) in temperature are normally coincident
with such a flow pattern. Interestingly, December
SLP and height differences show an opposite pattern
to those of November, as vintage (non-vintage) years
are characterized by SLP and 500 hPa heights that
increase (decrease) over the west-central North At -
lantic. This pattern would produce ridging (trough-
ing) and blocking (enhancement) of frontal cyclone
trajectories into central and southern Europe. The
SLP and 500 hPa height patterns for a few critical
months of the year therefore appear to be conducive
to higher-quality Port production. The deep winter
(J F) pattern for vintage (non-vintage) years reverses
in March as SLPs and 500 hPa heights (Figs. 5 & 6,
respectively) increase (decrease) over the study
region and the adjacent North Atlantic. Such a situa-
tion dampens (enhances) frontal cyclone activity for
Portugal. During September, the calm pressure fields

of summer give way to pressure and height changes
that are somewhat similar to March. Specifically,
SLPs and 500 hPa heights (Figs. 5 & 6) increase (de -
crease) over the study region and neighboring ocean
basin during vintage (non-vintage) years. Such a sit-
uation would increase (decrease) solar radiation and
decrease (increase) clouds and precipitation during
this month, which is the time of grape harvest. The
final critical month is December, when the pressure
and height pattern (Figs. 5 & 6) is the reverse of that
present in November and again in January and Feb-
ruary. During December of vintage (non-vintage)
years, heights increase (decrease) across the mid-
Atlantic, extending over the study region, suggesting
a decrease (increase) frontal cyclone activity over the
Port-producing region. The present study agrees that
high-quality wine production for the Douro is tied to
amplified ridging over the eastern North Atlantic and

western Europe, thus producing
meridional conditions that favor
higher pressures and heights over
the wine-producing regions, but this
study is the first to assert that March,
September, and December are the
months when that ridging is critical.

Despite the rather strong relation-
ships described above, it is important
to note that the Douro winemaking
region is a complex region in terms
of topo graphy and weather. Addi-
tionally, there are other oenological,
management and even political
aspects (e.g. related to winery associ-
ations and land ownership) that
should be considered. As such, the
limitations of the synoptic approach
undertaken here should be acknowl-
edged. Microscale work, both in
space and time (e.g. Fraga & Santos
2017), should be continued, to ‘fine
tune’ observations made at the syn-
optic climatological scale of analysis.

4.  SUMMARY AND
 CONCLUSIONS

This research identifies surface
variables and the major flow patterns
that are associated with higher-qual-
ity (vintage), and lower-quality (non-
vintage) years for Port wine produc-
tion in Portugal. The surface results
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Fig. 5. Differences in mean sea level pressure for March, September, and 
December (vintage years minus non-vintage years), 1901−2012
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indicate an increase in maximum air  temperatures,
average temperatures, and the temperature-related
PET data for all seasons for both non-vintage and
vintage years over the study period. Minimum air
temperatures have increased significantly through
the study period during summer and autumn for non-
vintage years and during summer for vintage years.
 Precipitation has remained relatively constant over
the study period for both vintage and non-vintage
years which, given recent temperature in creases, has
led to increased surface drying (Briffa et al. 2009) and
in creased wine quality (Dalu et al. 2013). Telecon-
nection analysis indicates that both vintage and non-
 vintage winters hold the same general flow relation-
ships to precipitation in the Douro region. During
zonal (meridional) flow regimes, precipitation de -
creases (increases) for the region. The monthly and
seasonal composites of SLP and the significant height

fields at 850, 700, 500, and 300 hPa re -
veal much more. In winter, December
is a critical month that distinguishes
vintage from non-vintage years.
Specifically, the surface and upper-air
flow regimes decrease the frequency
and/or affect the intensity of frontal
cyclones over the region for December
during vintage years. Anti vilo et al.
(2017) indicate that dormant season
low temperatures relate to subsequent
vine health. By contrast, vintage years
are characterized by troughing just
west of and over the study region dur-
ing January and February. Seasonal
precipitation remains fairly constant
between non-vintage and vintage
years. However, for vintage years,
higher (but statically insignificant)
amounts of late-season precipitation
occur compared to non- vintage years.
Such a condition may increase soil
moisture capacity leading into the
spring during vintage years.

During spring, the teleconnections
and surface responses are similar for
both vintage and non- vintage years.
Pressure at the surface and in the
upper air is a more important influ-
ence in spring, when enhanced ridg-
ing over the eastern North Atlantic
and western Europe is associated
with vintage years. Such a condition
is linked to reduced precipitation,
and increased maximum and mini-

mum air temperatures over the study region. The
result agrees with the circulation findings of Dalu et
al. (2013), who showed that drying during spring and
summer leads to higher-quality Italian wines.

The SLP and geopotential heights analyses suggest
that March is the critical month of spring season
change. During vintage years, the March SLP pattern
differs from those of the preceding January and Feb-
ruary, with increases in SLP and 500 hPa heights for
the study region. Such conditions favor desiccation
and increased solar radiation, thereby supporting the
original hypothesis of a dry spring contributing to vin-
tage Port production. After March, a more consistent
circulation pattern develops, with little detect able
difference between vintage and non-vintage years.

Summer is characterized by temporally increasing
temperature-related surface variables for both non-
vintage and vintage years. However, a difference of
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Fig. 6. Differences in mean 500 hPa geopotential height for March, Septem-
ber, and December (vintage years minus non-vintage years), 1901−2012
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means test discloses that during vintage year sum-
mers, PET is significantly lower than during non-vin-
tage years, which lowers overall vine and water
stress (Jones 2015). However, atmospheric flow, indi-
cated by teleconnection and SLP and 500 hPa com-
posites, exhibits little overall difference between vin-
tage and non-vintage years.

For autumn, all temperature-related surface vari-
ables have increased significantly over time for both
non-vintage and vintage years. The teleconnection
analysis shows that mean daily maximum air temper-
atures increase during times of meridional flow in
autumn. September appears to be the month of criti-
cal difference in pressure and flow patterns between
non-vintage and vintage years, as pressure increases
and 500 hPa ridging builds over Europe during vin-
tage years. These changes support increased temper-
atures and PET and decreased precipitation during
the harvest period. The results agree with Dalu et al.
(2013) who found that poor-quality wine results from
zonal flow across Europe in autumn.

Vintage Port production occurs in association with
lower PET during summer and greater autumn Tmax

in conjunction with an anomalously high PET rate
during that season. This implies that during vintage
year summers, temperature extremes are minimized,
leading to a lower PET rate. Such a situation likely
allows more water to remain in grapes on the vine.
Autumns during vintage years tend to have signifi-
cantly greater Tmax and a coincident increase in PET.
Thus, during the harvest season climatic conditions
that allow more balanced flavor profiles and higher-
quality Port production (Jones 2015).

Although the original hypothesis that a generally
wet winter followed by a dry spring and a hot and dry
summer favour the production of vintage Port was
supported in the analysis, some relationships were
not statistically significant. This analysis instead sug-
gests that a reduced PET during summer is important
to producing vintage Port. Such a situation decreases
vine and water stress on the plants which increases
the presence of compounds that better balance the
flavor in the grapes. The lower PET slightly offsets
the increasingly high summer Tmax (Briffa et al. 2009)
that would otherwise increase vine stress. Further,
anomalously high temperatures and increased PET
during the autumn seem to be important for in -
creased acid and sugar balance immediately prior to
harvest. This leads to higher-quality flavor profiles
and wine characteristics.

Future research should be invested in identifying
relationships at finer temporal and spatial scales,
especially during the critical months of December,

March, and September. The purpose would be to
identify more precisely the within-month variability
at these critical times in the growing season, focusing
on precipitation and associated soil moisture charac-
teristics critical to higher-quality grape production
and resulting Port wine. Sub-monthly changes in sur-
face characteristics and atmospheric flow during the
autumn season should also be investigated further.
Improved long-lead climate outlooks makes forecast-
ing trends in the Port wine industry promising, par-
ticularly since the world’s supply is concentrated in
such a confined area.
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