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Abstract This research was performed for the pur-
pose of analysing the relationships between large-scale
meteorological information, in particular the North
Atlantic Oscillation (NAO) index and the Sea Surface
Temperature (SST), and the timing and magnitude of
the Cupressaceae pollen season in the Pistoia district
of Central Italy. The results demonstrated that in
specific periods of the year, the NAO index, by
partially determining the distribution of the main
meteorological variables over the study area, is neg-
atively correlated with the start and the end, as well as
the peak day of pollen concentration. Pollen data were
also correlated with the SST of the North Atlantic
Ocean east of the Azores for the September—December
period of the previous year, which is significant for
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exploring possibilities in terms of predicting the timing
and magnitude of the cypress pollen season. The
analysis of such meteorological variables and indices
could be used to improve the existing forecasting
systems of the phenology of the cypress pollen season.
Moreover, the possibility of using meteorological
information freely available on internet could cut costs
and reduce spatial and temporal representativeness
limitations relating to weather monitoring in loco.
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Abbreviations

NAO North Atlantic Oscillation
SST Sea Surface Temperature
SLP Sea Level Pressure
ENSO El Nifio Southern Oscillation
SI Seasonal Index

MPS Main Pollen Season

SD Start Date

ED End Date

PD Peak Day

PV Peak Pollen Value

1 Introduction

In recent years, due to the increasing prevalence
of allergic diseases worldwide, phenological,
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biometeorological and aerobiological investigations
on allergenic plants have gained greater importance.
Many studies have been carried out in the aim of
building phenological models capable of simulating
the start, duration and severity of the pollen season at
a local level (Rodriguez-Rajo et al. 2004), in order to
obtain useful tools for planning the start of antialler-
gic treatment before the beginning of pollination
(Laaidi 2001).

Cupressaceae pollinosis was described for the first
time by Ordman in 1945 and has only recently been
recognized as an important winter pollinosis. In the
Mediterranean area, Cupressaceae pollen has been
identified as a source of increasing pollinosis
(Panzani et al. 1986; Subiza et al. 1995; Caiaffa
et al. 1993; Papa et al. 2000) and is also considered
responsible for winter pollinosis during a period of
the year when no other allergenic plants are flowering
(Caramiello et al. 1991; D’Amato et al. 2007). In
Tuscany, Central Italy, the cypress (Cupressuss
sempervirens) is an important and dominant species,
and Cupressaceae pollen concentration is very ele-
vated in this area: consequently, the impact of
Cupressaceae pollinosis on allergenic population is
dramatically high (Torrigiani Malaspina et al. 2007).

It has now been ascertained that in this kind of
investigations, the quality of climatological and
meteorological data is a fundamental requisite for
providing a precise description of the cause/effect
relationships between variables (meteo/climatic data)
and response (phenological development). Greater
knowledge of these relations could allow for better
processing of information for meeting the needs of
the end wusers (in this case, the aerobiological
forecast). However, ground weather stations often
fail to satisfy these quality standards, both in terms of
accuracy and precision of measured data and of
spatial and temporal representativeness. While the
creating of weather station networks could partly
solve these problems, it would incur high installation
and maintenance costs (Vose and Menne 2004).
Internet is used increasingly more to disseminate
climate and meteorological data, given the rapid
manipulation and display of information, the inter-
action and feedback with users, and the reduction in
costs. Moreover, Internet makes it possible to find
suitable applications providing free access to mete-
orological information with different spatial domains
and temporal resolutions.
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Besides common meteorological information, the
use of large-scale climatic variables has also been
investigated to forecast agricultural yields and pro-
duction quality in several regions of the world
(Atkinson et al. 2005; Grifoni et al. 2006; Dalla
Marta et al. 2010a). Among these variables and
indices that identify the large-scale distribution of air
pressure and temperature over defined geographical
areas, the SST, the El Nino Southern Oscillation
(ENSO) and the NAO are the most frequently studied
due to their significant impact on the climate over
important regions worldwide.

In particular, the NAO is a climatic phenomenon
defined as a mode of interannual variability in
atmospheric circulation, characterized by a cyclic
oscillation in the difference of atmospheric pressure
at sea level between Iceland and the Azores, which is
associated with changes in the surface westerlies
across the North Atlantic and in Europe (Kushnir
1999; Stenseth et al. 2002). The magnitude of this
variability is evaluated by the NAO index, which is
calculated monthly as the difference in Sea Level
Pressure (SLP) between Iceland and Azores: in this
study, the NAO index considered is the one calcu-
lated by Jones et al. (1997), defined as the normal-
ized pressure anomaly between Gibraltar and
Reykjavik (NAO Jones) (Osborn 2002). In Europe,
the NAO seems to be responsible for a large
component of climate variability (Post and Stenseth
1999; Benestad 2001; Wanner et al. 2001; Sivle
2005) that influences winter weather in particular
and, through climate interactions on plants, flowering
time of many tree species (Klaveness and Wielgo-
laski 1996; D’Odorico et al. 2002; Gormsen et al.
2005; Avolio et al. 2008; Dalla Marta et al. 2010b).
In particular, the NAO index is strongly correlated
with winter temperatures (Hurrell 1995), and as a
result, it has crucial effects on (early) spring
phenology in Europe, including several allergenic
species. Piovesan and Schirone (2000) pointed out
the influence of the NAO index on the development
of Fagus sylvatica in Italy; Crepinsek et al. (2002)
highlighted the influence of the NAO index on
phenological development of several species during
the spring months in Slovenia; Menzel (2003)
demonstrated the relationships between NAO index
and phenological anomalies in Germany; Smith et al.
(2009) and Rodriguez-Rajo et al. (2010) pointed out
that the NAO index, and in particular, the winter
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month values of the NAO, is strongly correlated with
the onset and severity of the grass pollen season.

As far as Cupressaceae is concerned, and Cupres-
sus sempervirens in particular, it is well known that
the phenological development of this species is
strongly correlated with winter temperatures (Calleja
and Farrera 2003; Torrigiani Malaspina et al. 2007);
however, correlations between the NAO index and
Cupressaceae phenology have not been demonstrated
so far.

Based on these considerations, this study was
undertaken to describe the relationships between
large-scale meteorological information and Cupress-
aceae phenology with a view to exploring possibil-
ities in terms of predicting the timing and magnitude
of the main variable describing the pollen season.

2 Materials and methods

The daily Cupressaceae pollen concentration was
collected in Pistoia (Central Italy) from 1995 to 2010.
Pistoia (A = 10°55'E; @ = 43°56'N, 67 m a.s.l.) is
located in a closed valley bottom at the foot of the
Apennines; it is crossed by numerous rivers, the most
important of which is the Ombrone Pistoiese. The
city has a Mediterranean climate influenced by
the nearby hills and the Apennine Mountains. The
coldest month is January, with an average tempera-
ture of 6°C; the warmest month is July, with an
average temperature of 24°C.

Airborne pollen concentrations were collected
using a Lanzoni VPPS 2000 pollen trap (Lanzoni
s.r.l., Via Michelino 93b, Bologna, Italy) that applies
the principle initially proposed by Hirst (Hirst 1952).
Pollen count was performed following the standard
method (UNI11108-2004) recommended by the AIA
(Italian Association of Aerobiology). Data were
provided by the ‘Articolazione Funzionale di Aero-
biologia-ARPAT, Pistoia’.

The results obtained are expressed as daily average
of Cupressaceae pollen grain concentration per cubic
metre of air (p/m’). The aerobiological dataset was
used to identify six aerobiological indices: Seasonal
Index (SI) (total amount of pollen grains per season),
the Main Pollen Season (MPS), Start and End of the
MPS (SD and ED), Peak Pollen Value (PV) (the
annual maximum value of daily pollen concentration)
and Peak Pollen Day (PD) (the day when the peak

pollen value occurs). These six parameters were
calculated for the entire period under examination
(1995-2010) except for 2000, since the dataset was
not completed for this year. The MPS is defined as
the period of the year during which it is possible to
detect the majority of the pollen produced during the
whole season by a specific genus (or family) of
plants. In this study, the MPS of Cupressaceae pollen
was defined as the period that includes 75% of total
annual count. The SD and ED were identified as the
starting and ending dates of the MPS and conse-
quently were calculated as the day when the cumu-
lative pollen count reached 12.5 and 87.5% of the
total annual count, respectively. The SI was calcu-
lated as the total amount of the daily pollen
concentration detected during the whole year. PV
was defined as the maximum value of daily pollen
concentration and, lastly, PD as the day on which the
PV is reached.

Jones’s NAO index, derived from meteorological
information and in particular, from sea level pressure,
was used (http://www.cru.uea.ac.uk/). Regression
analysis and correlation were used to investigate the
relationships between pollen data and the NAO, on a
monthly to a multi-monthly basis back to spring of
the previous year (data analysed for normality with
the Kolmogorov—Smirnov test). In order to better
understand the mechanism via which the NAO affects
pollen phenology, the monthly mean NAO index was
also correlated with the monthly mean solar radiation
(1980-2009) and air temperature (1980-2009) over
the study area, both derived from reanalysis.

Reanalysis is achieved by reprocessing and com-
bining past observations (from ground, satellite,
soundings, etc.) with the output of weather forecast
models in order to provide a complete spatial/
temporal description of the state of the environment
at a global level. This information, available from
1948 onwards, was provided by the NOAA-CIRES
Climate Diagnostics Center, Boulder, Colorado, USA
(http://www.cdc.noaa.gov/) and processed by the
NCEP/NCAR Reanalysis Project (Kalnay et al.
1996). To verify the opportunity of using air tem-
perature deriving from reanalysis rather than from
ground weather stations, a study was carried out in
the Tuscany region (Central Italy). The reanalysis of
monthly mean air temperatures extracted from the
pixels over the study area was compared with data
obtained by 20 weather stations scattered over the
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region for the 1980-2009 period. Weather station
historical series underwent quality controls and were
subsequently homogenized via the Craddock test
before being used (Craddock 1979; Bartolini et al.
2008). The determination coefficient between the two
series of temperature data was computed month by
month from January—December. For solar radiation,
the aforementioned analysis was not performed to
verify the opportunity of using data deriving from
reanalysis due to the unavailability of long-term
series of weather station data.

The pollen data were also correlated with the SST
producing correlation maps, to verify the possible
impact of several large-scale phenomena on pheno-
phases (Nemani et al. 2001). Teleconnections in
atmospheric science are climate anomalies that are
related to each other at great distances (typically
thousands of km). The correlation maps, obtained
from the interactive website of the NOAA-CIRES
Climate Diagnostics Centre, show the distribution of
the correlation coefficient between pollen phenolog-
ical data over the study area and the SST in each
pixel over the Mediterranean Sea and the Atlantic
Ocean. In other words, these maps pointed out the
existence of teleconnections between the pollen data
in the study area and the SST of previous months. To
quantify the existing teleconnections between pollen
data and the SST, and define the regression functions
during the highest correlation periods, the SST data
over the more correlated pixels were extracted from
the internet database and correlated with the pheno-
logical data series.

3 Results and discussion

The SD of the pollen season, ranging between 21
January and 17 March, is negatively correlated with
the NAO index of the October—November period
(r = —-0.595, P < 0.05) (Fig. 1). Therefore, when a
positive NAO phase occurs, the pollen season starts
earlier than normal. This condition corresponds to a
positive sea level pressure anomaly in the Mediter-
ranean Basin determining a reduction in cloud cover
due to a northward shift of the Atlantic perturbation
trajectory (Hurrell et al. 2003; Avolio et al. 2008;
Dalla Marta et al. 2010b). In literature, there is no
evidence that the autumn NAO index affects mete-
orological variables such as temperature and rainfall
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Fig. 1 Linear regression between NAO index of October to
November period and start day of the cypress pollen season.
The regression line is reported. Legend: R*> Determination
coefficient; DOY Day of the year

=
o 180 -
= y = 2.2188x + 150.04
- 170 4 R =0.1593 .
8 s .
o - L]
3 “g 160
. .
o = 150 - s’ ) .
o = ¢ ¢
5 140 - . . «3
o
] 130 - . . .
&
[*]
o 120 . ; . . , . . )
5 4 3 2 A 0 1 2 3
Oct NAO index

Fig. 2 Linear regression between NAO index and monthly
mean solar radiation in October (1980-2009). The regression
line is reported. Legend: R? Determination coefficient

during the same period, but its relation with the storm
tracks has an influence on the quantity of solar
radiation reaching the plant surfaces. This hypothesis
was confirmed by the significant correlation between
solar radiation and the NAO index in October (r =
—0.399, P < 0.05), plotting values from 1980 to
2009 (Fig. 2). A greater insulation in October prob-
ably allows plants to warm up enough to stimulate the
development of inflorescences before winter. In this
way, when the temperature increases in early spring,
plant flowering and consequently the pollen season
could start earlier.

The PD, ranging between 17 February and 29
March, is negatively correlated with the NAO index
in February (r = —0.693, P <0.01) and March
(r = —0.579, P < 0.05), reaching the highest corre-
lation coefficient for the January—March period
(r = —0.740, P < 0.01) (Fig. 3).
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Fig. 3 Linear regression between NAO index of January—
March period and peak day of the cypress pollen season. The
regression line is reported. Legend: R* Determination coeffi-
cient; DOY Day of the year

120 1

. y = -5.4924x + 83.732
R’ = 0.366

110 4

100 A

90 1

80 1

season (DOY)

70 1

End day of cypress pollen

60 T T T T T
-3 -2 -1 0 1 2 3

Mar NAO index

Fig. 4 Linear regression between NAO index of March and
end day of the cypress pollen season. The regression line is
reported. Legend: R*> Determination coefficient; DOY Day of
the year

Similar results were found by analysing the
relations between the NAO and the ED of the pollen
season, ranging between 26 February and 24 April,
that still showed negative correlations in March
(r = —0.605, P < 0.05) (Fig. 4) and in the Febru-
ary—March period (r = —0.308, P < 0.05).

The effect of the NAO on PD and ED could mostly
be ascribed to the well-known relation existing
between the winter NAO and winter air temperature.
This relation is less evident in the Mediterranean area
than in northern Europe, where a positive NAO phase
produces a strong westerly flow of warm air (D’Od-
orico et al. 2002). Nevertheless, in winter, northern
and Central Italy show a positive correlation between
the NAO index and air temperature, which becomes
negligible in the southern part of the country (Hurrell
and Van Loon 1997; Osborn et al. 1999). For the
Pistoia district, a higher positive correlation was
found between the reanalysis air temperature and the
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Fig. 5 Linear regression between NAO index and air temper-
ature of February—March period. The regression line is
reported. Legend: R*> Determination coefficient
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Fig. 6 Trend of the coefficient of determination (R?) between
weather stations and reanalysis of monthly mean air temper-
ature at surface (average 1980-2009) during the different
months of the year over the study area

NAO index for the February—March period
(r = 0.686, P < 0.001) (Fig. 5). To verify the oppor-
tunity of using air temperature deriving from reanal-
ysis rather than from ground weather stations, a study
was carried out for the entire Tuscany region, in
Central Italy. The mean temperatures of 20 weather
stations scattered throughout the territory were com-
pared with the reanalysis data, extracted from the
corresponding pixels, for the 1980-2009 period. The
determination coefficient was higher than the value of
0.83 (P < 0.001) throughout the entire year (Fig. 6).
The use of reanalysis data could be a solution for
overcoming the representativeness problem of single
local weather stations. In fact, while the latter are
useful for describing the microclimate, on some
occasions, they could be too greatly affected by geo-
topographical factors to be used. The case of pollen
data could be particularly suitable for the use of
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reanalysis, since pollen is an agent that can easily be
transported far from its original source.

Winter air temperature also partially depends on
winter NAO, and the correlation, positive and signif-
icant (P < 0.01), between the NAO and solar radiation
reaches its maximum value in the same period (January
r = 0.688; February r = 0.602; March r = 0.427).
Consequently, the NAO index includes the combined
effect of temperature and radiation on plant behaviour.

With regard to the PV, negative correlations were
found with late spring—summer NAO (data not
shown). However, the latter did not show any
relations with common meteorological parameters
of temperature, rainfall (cumulated, intensity and
number of rainy days) or solar radiation. Neverthe-
less, in spring and summer, the NAO phases also
determine specific synoptic configurations, namely
the distribution of sea level pressure that could
influence the pattern of meteorological variables at a
higher temporal resolution than the investigated one
(monthly and multi-monthly). This evidence should
be further investigated in specific studies also
considering that cypress male flower bud differenti-
ation takes place during the spring of the previous
year, and especially in May and June.

Relationships between cypress pollen data and
SST were also analysed by computing correlation
maps. In particular, the results demonstrated the

existence of negative correlations between the SD
and the SST of the September—December period of
the previous year in the North Atlantic Ocean east of
the Azores (Fig. 7), while no relationship was found
with ED. The regression functions developed
between the SD and SST data extracted over the
more correlated pixels of the Ocean for the above-
mentioned time period (data not shown) were highly
significant (r = —0.676, P < 0.01).

Consequently, when a higher than normal SST
occurs, the pollen season starts earlier and lasts longer.
This is also confirmed by the positive relationship
existing between the extracted September—December
SST data and the MPS (r = 0.673, P < 0.01). SI and
PV were not influenced by the SST values over either
the Atlantic Ocean or the Mediterranean Sea.

The importance of this relationship is mainly due
to potential predictive use of SST, particularly
important in aerobiological studies for planning the
start of antiallergic treatment before the beginning of
pollination in order to optimize its effectiveness. In
fact, SST often provides the forcing for shower
origin, affects the formation and subsequent evolu-
tion of tropical cyclones, convection and thunder-
storms, and cyclogenesis itself, sea fog and sea
breezes. As the SST changes relatively slowly with
respect to the atmosphere due to the thermal inertia of
the Ocean, it has repercussions on the weather

Fig. 7 Correlation map 70N
between sea surface
temperatures of September 65N
to December period and
start day of cypress pollen GON
season. Contours represent gei
correlation coefficient (r).
Map provided by the 50N
NOAA-CIRES Climate
Diagnostics Center, 45N
Boulder, CO (http://
www.cdc.noaa.gov/) 40N
35N §
SON
25N s
20N — AN
50w 40w 30w 20w 10W 0 10E 20E 3J0E 40E 50E
I == 1 | | ==
e -0.7 —0.4 —0.1 0.1 0.4 0.7 1
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conditions of the following periods and provides a
good basis for seasonal forecasting techniques.

4 Conclusions

This paper investigated the relations existing between
large-scale meteorological information freely avail-
able on Internet and the phenology of cypress pollen
emission. The correlations with the NAO index,
partially determining the distribution of temperature,
precipitation and solar radiation over the study area,
seem to provide complete information that is capable
of summarizing the effects of climate on the start and
the end of the pollen season, as well as on the peak
day of pollen concentration. In particular, the NAO
index in the October—November and February—March
periods showed the highest influence on the SD, and
PD and ED, respectively. Pollen data were also
correlated with the SST of the North Atlantic Ocean
east of the Azores for the September—December
period of the previous year.

Significant future applications of this knowledge
could be possible via the implementation of specific
forecasting tools. In fact, the analysis of such
meteorological variables and indices over specific
areas and during specific times could be used to
forecast the phenology of the cypress pollen season
with a certain level of accuracy. Moreover, the
possibility of using meteorological information freely
available on internet could cut costs and reduce
spatial and temporal representativeness limitations
relating to weather monitoring in loco.
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