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Abstract

In this work, we investigated the correlation between the North Atlantic Oscillation (NAQO) index and the rainfall
trend in Tuscany (Italy) by using a large number of rain gauges for a high-resolution spatial scale study in a region
characterized by significant morphological and climatic variability and equ."oed with an efficient measurement
network. The relationship between NAO and rainfall was calculated by th: Sp~arman’s correlation coefficient. Our
study shows that the correlation between NAO and precipitation has two ¢, *as uf oscillations as functions of the time
scale. During the year the correlation is negative in winter and positive ‘n « '™ ner, and this is due to global atmospheric
circulation, which causes the area to be affected by humid air masc.. fru. the Atlantic Ocean during the winter. It is
difficult to understand these experimental observations for the sumi. »r period because the correlation is influenced by
the low rain levels of this area and the results could be eaci! ' influenced by other global patterns. Investigating in
particular the period from December to March, we observed . V2 qation in the NAO precipitation correlation also over
time, with periods characterized by an increase in anti co, "ela.*on. The results obtained for Tuscany were contextualized
and compared with other areas of Europe and of the :“editerranean basin by applying the same methodology. Spatial
analysis showed that the trend of the NAO a2 rainfall correlation depends on latitude. In northern Europe, the
behaviour of the correlation between NAO an‘ r.~fail over time is very similar to the temporal trend of NAO itself;
instead, in the southern Mediterranean area «.'s vorrelation has a trend over time that is very similar to the one of the
Atlantic Multidecadal Oscillation (AMO’ In~x. This allowed us to observe a different regulation in the circulation of
the humid air masses coming from the Aucntic Ocean, which induced rainfall in the Mediterranean and in northern
Europe. The circulation of humid air 1 ~a<es in Northern Europe is linked to the pressure difference between high and
low latitudes (represented by th. NA D index), whereas in the Mediterranean it is linked to the temperature of the
Atlantic Ocean (represented by th> AMO index). The areas between high and low latitudes, characterized by a mixed
behaviour, are regulated by both pressure difference and ocean temperature. This study has made it possible to
investigate a specific area of the Mediterranean and then to extend and contextualize to more geographical locations,
highlighting the fact that simple linear regression models can help to investigate the role of global patterns on the local

effects.
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1. Introduction

Current global warming directly affects the different components of the hydrological cycle (Allan, 2011; Bates et
al., 2008). Such components include precipitation and temperature patterns, frequency and intensity of extreme events,
and changes in soil moisture (Stagl et al., 2014; Xu et al., 2011), with substantial consequences in terms of socio-
economic conditions and financial policy of the countries involved. For instance, from 1980 to 2017 Germany, lItaly,
France and the United Kingdom are the European countries that spent the highest amount of money due to the impact of
extreme weather and climate-related events (European Environment Agency, 2019). One of the main drivers of winter
climatic variability in the Northern Hemisphere is the North Atlantic Oscillation (NAO; Hurrell, 1995; J.W. Hurrell, Y.
Kushnir, G. Ottersen, 2003). NAO is a north-southern dipole of pressure anomalies, with a pole positioned at a higher
latitude (Icelandic low) and the other at the central latitudes of the Northern Atlantic between 35'N and 40°'N (Azores
high). NAO influences climatic patterns in all seasons, but its influence is "aore evident during the winter months
(Barnston and Livezey, 1987; Hurrell et al., 2003). In particular, the negative rhas.~ of the NAO winter are associated
with wetter conditions in the Mediterranean basin and drier conditions in nor."ern £urope, whereas the opposite occurs
during the NAO positive phases (Osborn, 2006). For this reason, NAO i: con idered the dominant mode of regulation
of winter climate variability in the Northern Atlantic area, in southe.n Europe and in the Mediterranean basin at a
monthly-to-decadal timescale (Herrera et al., 2001). Many studies 1ave ‘nvestigated the influence of NAO on climatic
patterns: changes in the surface westerlies across the Atlantic and Eurce (van Loon and Rogers, 1978), precipitation
(Folland et al., 1986; Hurrell, 1995a; Lamb and Peppler, 19¢ 7; Jl'rich et al., 1999; Zorita et al., 1992), changes in the
Atlantic storm tracks and frequency (Hurrell, 1995b; Roy s, 1990), temperature (Hurrell, 1996; Moses et al., 1987;
Parker and Folland, 1988; Van Loon and Williams, L977), and sea surface salinity (Molinari et al., 1997; Reverdin et
al., 1997). In particular, several studies have investigateu NAO influence on the precipitation regime of various sectors
of the Mediterranean basin, resulting in a strnng ‘nfluence in the Iberian Peninsula (Goodess and Jones, 2002;
Mufioz-Diaz and Rodrigo, 2003; Rios-Corneju 2t 1al., 2015; Trigo et al., 2004), and largely influencing the rainfall
amount in Italy (Brandimarte et al., 2011; ~ aloie. 0 et al., 2011; Ferrari et al., 2013; Romano and Preziosi, 2013; Vergni
et al., 2016). The study of forcing, whici. veguiates the relationship between rainfall and NAO, is crucial to understand
modern climatology at a regional sc~le, to -econstruct past evolution, and to forecast future scenarios. As demonstrated
by Vicente-Serrano and L6pez-Nore. 2 (2008), the relationship between NAO and rainfall has not been constant over
time. Since the beginning o, t.o 1sous until now, periods characterized by a stronger relationship between NAO and
precipitation have been alternate~ with periods exhibiting an opposite behaviour. In Europe, this trend also shows a very
complex spatial variability, which depends on global factors (e.g. baric dipole positioning, intensity of baric difference,
etc.) and on local factors (e.g. morphology of the territory). NAO varies over time not only in terms of intensity but also
in terms of position of the pressure differential. The position of the baric dipole influences the European climate.
Generally, NAO models moved eastward induce a stronger than average influence on European temperature. In
contrast, the effects of NAO on European rainfall anomalies are less consistent, with a different response from each
area. Not only the temporal but also the spatial variability of NAO is important in regulating the European climate (Luo
et al., 2018). There is also a strong asymmetry of the NAO between its two phases in amplitude, persistence and zonal
movement. The negative NAO phases are characterized by large amplitude, by a westward movement and by longer
persistence. Opposite features are observed for positive NAO (Rousi et al., 2020) .

The aim of this work was to explore effective statistical approaches in order to highlight the correlation between
NAO and rainfall amount at a regional scale. The correlation between pressure difference (NAQO) and rainfall could be

linked to the temperature of the Atlantic Ocean, which is a potential vector regulating both variables. Therefore, in our



analyses we introduced Atlantic Multidecadal Oscillation (AMO), a low frequency large-scale mode of Sea Surface
Temperature (SST) variability in the North Atlantic. This oscillating oceanic phenomenon is typically quantified by a
spatially-weighted mean SST of the North Atlantic (0°-65°N), commonly referred to the AMO index. AMO exhibits a
phase-switching (warming/cooling) behaviour with a periodicity of 60-80 years (Knight et al., 2006, 2005). For this
study we selected the Tuscany Region (NW Italy) for different reasons, in particular for the availability of more than
300 rain gauges, most of them yielding data since the beginning of the last century. The advantages of studying this
region are also related to its peculiar position within the Mediterranean basin, since its climatology depends on the air
masses of Atlantic origin, which are perturbations linked to Mediterranean circulation and to the inclusion of cold air
masses coming from northern Europe. Moreover, its heterogeneous morphology involves different microclimates in
several sectors connected to local factors such as orographic effects (Geiger et al., 1995). A linear model describing the

relationship between NAO and rainfall is also proposed for Tuscany and Europe.

2. Materials and Methods

2.1. Study area
Located in central Italy, Tuscany is 22,985 km? wide (Error! F..i~re, ce source not found.). Its western border is

represented by the sea (Ligurian Sea in the north, Tyrrhenian Sea in > couth). The Tuscan morphology is characterized
by several alluvial plains located mainly in the central part o7 e region, whereas mountains with a different altitude
(up to more than 2,000 m) are mainly located in the nciti. *n and eastern sectors (Error! Reference source not
found.). The main rainy season is autumn, with 7 pidgressive decrease generally starting in December (Error!
Reference source not found.). Mean annual precipi.’.on (MAP) is influenced by the topography of the area and is
linked to altitude (Figure 3b). The rainiest areas 2re located at the highest altitude (Apuan Alps and Apennines). In
particular, the Apuan Alps, in northwestern T:..~2ny, show some of the highest precipitation amounts in Italy
(Giannecchini and D’ Amato Avanzi, 2012; . et and Vittorini, 1994), often characterized by high intensity (D’ Amato
Avanzi et al., 2004; Giannecchini, 2006).
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Figure 1: Tuscany Region (10x10m DTM resolution provided by the Tuscany Regional Service).
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Figure 2: Mean seasonal rainfall distribution in Tuscan s cotrined from the 1075 rain gauges of Figure 3a. The
orange lines represent the median, the whiskers represent *he 5~ and 95" percentiles, the boxes represent the 25" and
75" percentiles, and the green triangle represents the mea'..

2.2. Databases
In this work we used various types of data fr.,m. uifferent sources. The different databases and the preliminary data

processing are described in the following sectiv.>s.

2.2.1. Rainfall dataset
The rain-gauge dataset was prowi'~% by the Tuscany Region Hydrologic Service Network and includes 1075

stations not evenly distributer' ov.* the territory (Figure 3a and 3c), the density being commonly higher in the mountain
areas. The data was obtained by «n automated download procedure through codes written in Python and through the
HTTP protocol. The older stations have started monitoring since the beginning of the last century, even if temporal
continuity of the data is not always guaranteed for all the stations. From 1935 to date, approximately 300 rain gauges
have been active every year (Figure 4). The Regional Hydrological Service provides the daily rainfall data for each rain
gauge in the operation period. The total number of datapoints used in this work is slightly exceeds 10 million: about
89% is validated by the Regional Hydrological Service, about 10% is pre-validated by the Regional Hydrological
Service and about 1% is missing data. Pre-validation is a methodology applied by the Regional Hydrological Service to
analyze the new data and to simplify the validation procedure. The pre-validation procedures can evidence macro errors

such as instrument malfunction or missing data.
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Figure 3: a) rain-gauges of the Regional Hydrologic Servir. :'etw >rk; b) mean annual precipitation calculated by using 1075 rain
gauges; c) heatmap of the number of rain-gauges with 25 ' m ra .ius setting.
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Figure 4: Number of yearly active rain gauges from 1920 to date.

2.2.2. North Atlantic Oscillation (NAQO) dataset
The NAO dataset used in this paper is provided by the Climate Analysis Section of the US National Center for

Atmospheric Research (NCAR). This dataset is based on the differences of normalized sea-level pressure (SLP)
between Lisbon (Portugal) and Stykkisholmur/Reykjavik (Iceland) since 1864. The SLP values at such stations were
normalized by removing the long-term mean and dividing the resulting value by the long-term standard deviation. Both
long-term mean and standard deviation are based on the 1864-1983 period. The data provided were normalized so as to

avoid that the series could be dominated by the greater variability of the northern station (Hurrell and National Center
for Atmospheric Research Staff, 2020).



2.2.3. Atlantic Multidecadal Oscillation (AMO) dataset
The Atlantic Multidecadal Oscillation (AMO) highlights the multidecadal variations in Atlantic Sea Surface

Temperatures (SSTs) between the Equator and Greenland (Knight et al., 2005). AMO is one of the main climatic
indices used to describe the regulation of rainfall in Europe, especially in the northwestern area. The time-series,
available since 1856, is calculated from the Kaplan SST dataset
(https://psl.noaa.gov/data/gridded/data.kaplan_sst.html), which is updated on a monthly basis. The dataset employed in
this work is provided by the Earth System Research Laboratory (ESRL) of the NOAA Institute
(https://www.esrl.noaa.gov/psd/data/timeseries/ AMO/).

2.3. Data processing
Two different approaches were used to correlate climate index and rainfall data. In the first case, the statistical

procedure was applied by grouping the data of each rain gauge to obtain the mc ' thly cumulated rainfall over the entire
period. In the second case, only the data acquired from December to M7, (December-January-February-March,
DJFM) have been used in the period from 1920 until today. Since it is not =~ce.cury in this study to completely exclude
time-series with missing values, a precautionary analysis methodolocy ‘as dsed to achieve the monthly cumulated
rainfall data from the grouping of the daily data. The criterion we 1*=~d \ -as based on the typical characteristics of the
data available. Most of the time-series had gaps of less than one wex' a ‘nonth. On this basis, in our study we discarded
the months during which daily-cumulated rainfall recordings »2d been missing for over 20% of days. For correlation
coefficient calculation, we did not need the time series to b~ ¢ ~atir.uous; therefore, we discarded only that data, keeping
as much valid data as possible. To neglect any effec’s . f «~ excessively small time-scale in the development of the
linear model, the NAO and AMO data were smootheu ~ er a 30-year moving window.

In the development of the model, the average ‘/alue ot NAO and AMO was subtracted from both indices, and both
were made dimensionless by dividing the zerc -n».~n ime-series by their standard deviations, so that NAO and AMO
could be compared with a correlation coeff._‘en. {whose dimensionless values range between —1 and 1). Even if this
standardization does not affect the comuw *ion of the correlation coefficient, it is useful if one wants to explain a

correlation coefficient (dimensionless) :~ te. ms of NAO and AMO values, which are usually reported in physical units.

2.4. Statistical procedure
2.4.1. Dickey-Fuller test

The Dickey-Fuller (DF) statistical test (Dickey and Fuller, 1979) is useful to determine whether a time interval of
duration such as the NAO time-series can be considered stationary from a statistical point of view. In this test, the null-
hypothesis Hy includes two conditions: i) the investigated time-series is non-stationary; ii) the time-series can be
described using either an autoregressive (AR) process of an order >1 or, in a more general approach, using a moving
average autoregressive process ARMA (p,q), where p and q indicate the orders of the autoregressive and moving
average components. In this case, the stationarity test is called Augmented DF Test (ADF). Hy is verified by checking
whether the characteristic time-series polynomial obtained from an AR or ARMA model has a unit root. The ADF test
was performed using the Python open-source statsmodels library, in particular the adfuller method. The test result is
evaluated by analyzing the p—value: if its value exceeds a critical threshold (usually set to 0.05), H, cannot be rejected;
if the p-value is <0.05, Hp is rejected, and the time-series can be considered stationary. This means that no trend is
present. The stationarity hypothesis is important when a comparison is performed between several time series. A

correlation can be inferred when changes are detected in the values of different time series. For this correlation to be



significant, all the considered time series must be stationary. To identify the minimum duration of the time window in
which the NAO time-series can be considered stationary, we conducted an ADF test using moving windows lasting
between 2 and 50 years. The test showed that the NAO series can be considered stationary over time intervals higher
than 10 years. In agreement with the climatological normal (WMO, 2007) and other studies (such as Vicente-Serrano
and Lopez-Moreno, 2008), we chose time windows of 30 years. Thus, we used rain gauges with a time-series longer
than 30 years and set up a 30-year mobile window to analyze variability over time. The total number of rain gauges
selected was 369 (Figure 5).
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Figure 5: Rain gauges used in this study. The ciuo*s represent the different duration of activity for each rain gauge. In this work,
we used only the rain gauges with a duration m . “tivity greater than 30 years.

2.4.2. Statistical correlations

We calculated the correlcac cuzficient to identify a possible relationship between NAO and rainfall amount. Some
authors (Brandimarte et al., 2011 ~aust et al., 2016; Kalimeris et al., 2017; Kotsias et al., 2020; Koyama and Stroeve,
2019; L6pez-Moreno et al., 2011; Vicente-Serrano and Lépez-Moreno, 2008) use Pearson’s correlation coefficient, a
measure of the linear association between two variables. To quantify the relationship between NAO and rainfall
(Caloiero et al., 2011; lzquierdo et al., 2014; Nalley et al., 2019; Vergni et al., 2016) other authors use Spearman’s
correlation coefficient (SCC) (Spearman, 1904), which is suitable for monotonically-related variables, even when their
relationship is not linear.. The range of both Pearson’s and Spearman’s coefficients is [-1,+1]; positive values indicate a
tendency of one variable to increase or decrease together with another variable, whereas negative values indicate a trend
in which the increase in the values of one variable is associated with the decrease in the values of the other variable, and
vice versa. The Q-Q plot of the NAO data (Figure 6a) and the NAO empirical distribution (Figure 6b) qualitatively
highlight that the distribution of NAO values is not normal; this is quantitatively confirmed by Shapiro’s Test.
Considering that rainfall distribution is not normal either, the use of Pearson correlation may lead to bias due either to
skewed or heavy-tailed distributions, inflating the estimations of the correlation coefficients. In (Bishara and Hittner,

2015) is shown that Spearman correlation eliminates this inflation and provides estimates with a mean bias of -0.01.



Spearman coefficient has been successfully applied in (Qian et al., 2015) to show spatial correlation between SST
anomalies and atmospheric circulation anomalies. The choice of Spearman correlation coefficient is therefore justified.
To investigate the trend, we calculated the SCC between NAO and the December—March (DJFM) precipitation
values over a 30-year moving time-window. The first calculation used the data spanning over the first 30 years (1920-
1950), and the result was assigned to the year halfway through this period (1935). The time-window was then shifted by
one year, and the data from 1921 to 1951 were used for the calculation, assigning the result to the year 1936. This

process was repeated until the time window reached the years 1990-2020.
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Figure 6: Statistical distribution of NAO time-series: a) quantile-q ar.ile (Q-Q) plot of the NAO time-series, b) histograms with 10
bins of NAO time-series.

3. Results and Discussion
3.1. Correlation of NAO and rainfall throughout the region

Figures 7, 8 and 9 show the results of the SCC c~lculation and the SCC changes during the year. February and June
show the highest values of anti-correlation anc c.rr.zation, respectively. The highest spatial variability occurs in spring
and autumn. In June and July, the entire ar2a 15 1enerally characterized by a positive correlation, but the correlation is
negative from December to March (DJF*1). I the remaining months of the year, the correlation does not show a clear
distribution in the different zones. The se. sonal and spatial variation of SCC is in general agreement with other studies
in Italy (Caloiero et al., 2011; L%po~-Ivioreno et al., 2011; Vergni et al., 2016; Vicente-Serrano and L6pez-Moreno,
2008). There is a pronounce. ~egu™ ¢ correlation in winter and a positive correlation in summer, whereas spring and
autumn are characterized by the hi ghest spatial variability (Figure 7). The use of a high density network of rain gauges
made it possible to characterize the climatic zones of Tuscany in more detail. The months from October to December
clearly show the transition of the polar front between summer and winter. In fact, in October there is no correlation
between NAO and rainfall in northern Tuscany, while the southern area has a positive correlation. In November, there is
a more negative correlation in the northern area, while there is no correlation in the southern area. In December the
whole area shows a negative correlation. Therefore, in these months a progressive anti-correlation increase can be
observed from north to south. In June, the lowest correlation values are found near the main mountain ranges in
Tuscany. This is particularly visible in northern Tuscany, where the Apuan Alps and the Northern Apennines are
located. In June, when the polar front is stationed at high latitude, moist air masses can occasionally be directed towards
the Mediterranean basin. These air mass incursions and their impact on the mountains generate local climatic instability,
producing an anti-correlation between rainfall and NAO in this area. However, the general climatic stability caused by

the High Azores creates a positive correlation between rainfall and NAO in the rest of the region. Figure 8 shows the



percentage error of Spearman’s correlation coefficient (Bowley, 1928) for all months. In this area the quality of the
dataset is not homogeneous because some areas are represented by a higher number of data with respect to others.

In the months when the percentage error is generally low, the results can be considered more reliable. In the area,
the minimum percentage error values are recorded in the months from December to March. This valuation of the errors
of SCC confirms our choice of wanting to investigate in greater detail only the months from December to March which

results are certainly more reliable and the correlations (or anti-correlations) between NAO and rains are greater.
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Figure 7: Spatial distribution ¢, >5; ~ar.......’s coefficient of correlation between the NAO dataset and the monthly rainfall in Tuscany
(results obtained using rain gauges wi h a period of activity higher than 30 years; rainfall and NAO datasets from 1920 to 2019).
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Figure 8: Spatial distribution of percentage error of Spea. man’s coefficient of correlation between NAO dataset and monthly rainfall
in Tuscany.
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Figure 9: Statistics of Spearman’s correlation coefficient between NAO dataset and monthly rainfall in Tuscany (elaboration
obtained using rain gauges with a period of activity higher than 30 years; rainfall and NAO datasets from 1920 to 2019). The green
line represents the median, the whiskers represent the 5™ and 95" percentiles, and the box represents the 25" and 75" percentiles.



3.2. Correlation of NAO and rainfall over time
Figure 10 shows the variation of SCC for DJFM rainfall over time. The blue band represents the standard deviation.

Over time, the SCC curve shows a minimum in the correlation value between the 60s and 90s of the past century. There

is a progressive decrease and increase in the correlation before and after this period.
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Figure 10: Spearman’s coefficient of correlation (SCC) over tin.~ cal ulated on the December-March (DJFM) North Atlantic
Oscillation data and rainfall dataset. The blue band represents t! - stanuard deviation.

The data available indicate that the correlation & ~twr2n NAO and rainfall has varied over time, in agreement with
Vicente-Serrano and Lopez-Moreno (2008). Ficure 10 si.ows the changes in time of the SCC over thirty-year mobile
windows. The area was characterized by a decre~<e 1,. SCC between 1960 and 1990, followed by a progressive increase
until today. The trend of the correlation betwern 3CC and rainfall is particularly complex. We tried to explore the
possible effects of DIFM AMO in control:*1g chunges in the correlation between NAO and rainfall, in order to explain
the fluctuations of the DJFM SCC curve. 'n Figure 11 we compare the relation between the SCC curves and the AMO
data averaged on a thirty-year mobi'~ wii uow. The SCC curve has a good correlation with DJFM AMO data and the
trends are very similar. This obs’ rvauon indicates a possible influence of the temperature of the North Atlantic Ocean
(represented by the AMO inuex, 2n uie correlation between NAO and rainfall in Tuscany.

To quantify the influence of *.AO and AMO on the SCC curve, we used a linear regression model (1) with the aim
of finding the a and B parameters as weights of these two indices. We identified a, B and y using an algorithm that
minimized the sum of the quadratic deviations (2). The minimum was determined by imposing the constraint that o and
B assume non-negative values, since we wanted to highlight the influence of the parameter (positive sign) and not the
anti-influence of the parameter (negative sign). Anti-influence could be linked to other factors that the model does not

take into consideration.

SCC =a-NAO + B -AMO +y (1)

n
Z(a *NAO; + B - AMO; +y — SCC;)? = minimum )

i=0

For the SCC curve, parameters o, B and y were 0.0200, 0.0549, and —0.2006 respectively (Table 1). This indicates
that for Tuscany the role of AMO in regulating SCC was greater than the influence of NAO during the December-



March period. In other words, at this time of year the SCC curve is by 70% influenced by SST and only by an
approximate 30% by the pressure difference between two dipoles positioned at high and low latitudes. The model well
approximates the SCC trend, as shown in Figure 11. In Tuscany the temperature of the Atlantic Ocean has a strong
influence on the regulation of precipitations and of their origins. The influence of AMO on the correlation between
NAO and rainfall could be related to latitude and, to confirm this observation, we used a grid-based rainfall database at
a latitude/longitude resolution of 10” for all Europe (as compiled by the Climate Research Unit of the University of East
Anglia, (http://www.cru.uea.ac.uk/timm/grid/TYNSC10.html). We applied our methodology to replicate part of the
study by Vicente-Serrano and Lopez-Moreno (2008). Figure 12 shows the results obtained comparing the SCC, DJFM
NAO, and DJFM AMO trends smoothed by using a 30-year moving window. The SCC curves at high latitudes
(Edinburgh) have a completely different trend when compared with the curves at lower latitudes (Cairo). In the period
from December to March a the role of NAO at high latitudes is crucial to explain the results of the correlation between
NAO itself and rainfall. On the contrary, the SCC trend is determined by the DJi-n" AMO trend at lower latitudes. Table
1 shows the results of the linear model (1) for different latitudes. The values « f the sarameters obtained for Tuscany and
Florence are very similar, and for this reason we can compare and vali‘ate *he use of different types of data sets by
observing that the linear model reasonably provides similar results. I iriny he period December to March, when the
pressure at lower latitudes is greater than at higher latitudes (negat.ve . 'AO phase), the moist air masses coming from
the ocean are directed towards the Mediterranean basin. Durirg nis phase, the correlation between NAO and
precipitations at higher latitudes is zero (see the 1940-1960 rer ,d of Edinburgh in Figure 12). During the period from
December to March, when the NAO is positive, the moist -\ir niusses are directed towards Northern Europe and we can
observe an increase in the correlation between NAC ano precipitation. Moving southwards, we observe a progressive
loss of dependence of the SCC on the NAO trend. The reatest evidence of this loss of correlation can be observed at
Cairo, where the relationship between DJFM NAC ~nd DJFM rainfall is almost completely ruled by DJFM AMO, and
secondly by SST. A high surface temperatur: ~f ..e Atlantic Ocean can be associated with a decrease in average
pressure. In this case, the moist air masses :an .~use more intense rainfall in the drier areas of the Mediterranean basin.
Finally, we can observe a progressive c“ange from NAO to AMO regulation between high and low latitudes. Even if
the linear model portends a certain globa, Yenaviour, we must also observe that in its simplicity it records the maximum
errors in the phases of transition ..M une type of regulation to another. Passing from a linear model to a quadratic
model the situation in some .. es v~vides a better agreement, as we can observe in Figure 13. In this case, in addition
to having a contribution from NA ) and AMO, we also have a contribution from AMO?, NAO? and from the product
NAO - AMO. For Warsaw the Residual Standard Error (RSE) decreases from 0.085 to 0.072, for Wien the RSE
decreases from 0.14 to 0.091 The use of a quadratic model in Northern Europe and in the Southern Mediterranean area
does not actually improve the results. Moreover, using a more elaborate model it is more complicated to interpret the
results and to explain the contribution of the various terms of NAO and AMO indices (linear, quadratic, crossed) on
SCC. For this reason, we present here the results obtained with the simpler model, leaving the interpretation of results

obtained using more complicated models to future developments of this work.
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Location Latitude Longitude o B Y 0% %o RSE
T 0.r200 0.0549 -0.2006
Tuscany 43.78* 11.24* 27 73 0.029
+-0.0038 +0.0039 +0.0034
0.203 0.0024 0.304
Edinburgh 55.95 -3.1y 99 1 0.16
+0.021 +0.0206 +0.017
\ 0.155 -0.018
London 51.51 -0./.9 0 100 0 0.10
+0.011 +0.011
0.195 -0.111
Paris 48.85 2.34 0 100 0 0.14
+0.015 +0.015
0.136 0.040 -0.0896
Warsaw 52.22 21.01 e 23 0.085
+0.011 +0.011 +0.0090
) 0.1092 -0.1332
Munich 48.13 11.57 0 100 0 0.085
+0.0091 +0.0091
) 0.052 0.093 -0.114
Wien 48.20 16.37 36 64 0.14
+0.018 +0.018 +0.015
0.027 0.050 -0.365
Florence 43.78 11.24 35 65 0.12
+0.015 +0.015 +0.012
0.064 0.0026 -0.3229
Bucarest 44.43 26.10 96 4 0.080
+0.010 +0.0105 +0.0085
Valencia 39.46 -0.37 0 0.086 -0.132 0 100 0.12




+0.013 +0.013

0.089 -0.020
Athens 37.97 23.71 0 0 100 0.18
+0.020 +0.019
0.208 0.052
Nicosia 33.36 35.17 0 0 100 0.24
+0.026 +0.025
0.1549 0.1010
Cairo 31.24 30.06 0 0 100 0.093
+0.0099 +0.0099

Table 1: a, B,y values with their standard errors for the best-fit linear model in different sites (a% and % indicate each relative
weight; RSE is the Residual Standard Error, which is a measurement of the lack-of-fit of the model). * For simplicity reasons, we

associated the coordinates of Tuscany with those of the city of Florence.
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Figure 12: Spearman’s correlation coefficient (SCC) between December and March (DJFM) North Atlantic Oscillation (NAO) and
DJFM rainfall in different towns of Europe calculated on a 30-year mobile window (black line); DJFM NAO dataset averaged on a
30-year mobile window (blue line); DJFM Atlantic Multidecadal Oscillation (AMO) averaged on a 30-year mobile window (red
line); best-fit curve of the linear model (green line). The model is obtained adding a constant to a linear combination of DJFM NAO

and DJFM AMO curves (only non-negative coefficients are allowed).
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with a non-linear model

4. Conclusions

The goal of this study was to improve our n~owledge of rainfall variability, related in particular to the winter
months, and to NAO in Tuscany. Identificaticn »n - statistical method able to quantify the correlation among global
climatic patterns, North Atlantic Oscillatic.i, .na 1ocal meteorological patterns, made it possible to describe climatic
dependency during the year and over tirae, vonsidering a rich rainfall historical series from 1920 to date. Our results
show an alternation of months with a .>egative (winter) and positive (summer) correlation. Great spatial variability
linked to the two passages of the ~nla. .ront can be recognized in spring and in autumn, quite remarkable between
October and December. Ov.~ ti 2. *ve have observed a decrease in the correlation between NAO and rainfall in
Tuscany in the December to-Mar h period between 1960 and 1990. Variations in the DJFM NAO correlation and in
DJFM rainfall seem to be linked to DJFM Multidecadal Atlantic Oscillation (AMO), the temperature of the Atlantic
surface. Therefore, we built a linear regression model, which allowed us to quantify the role of DJFM AMO in the trend
of the correlation coefficient. Extending the study to Northern Europe and to the Mediterranean basin, we observed that
the trend of the SCC curve from December to March is regulated by various climatic factors whose variations depend
on latitude. In Northern Europe, the NAO index mainly regulates the trend of SCC, while in the southern Mediterranean
basin this trend is mainly regulated by the AMO index. In particular, rainfall in Northern Europe (e.g. Great Britain,
Northern France, Poland) is associated with the pressure differences between high and low latitudes. On the contrary, in
the Mediterranean and especially in the south-eastern zone, rainfall is associated with the cyclical temperature of the
Atlantic Ocean. Moving from high to low latitudes, we noticed a progressive change of regulation and a double
regulation dependence in two different physical parameters with different cyclicity.

Consequently, the circulation of moist air masses from the Atlantic Ocean depends on different regulatory factors.

The circulation of moist air masses in Northern Europe is linked to the baric differences between high and low latitudes



(represented by the NAO index): indeed, in periods in which the baric depression at low latitudes is very intense, there
is a greater amount of perturbation coming from the Atlantic compared to periods in which the baric depression is more
limited at high latitudes (Osborn, 2006; Trigo et al., 2004). In the case of the Mediterranean, the SCC curve is linked to
sea temperature and this could be associated with higher energy availability; a greater number of Atlantic disruptions
can develop at medium latitudes (higher temperature), targeting the Mediterranean and North Africa.

This methodology proved to be valid in investigating the role of global climatic patterns on local effects, making it
possible to extend the study to other areas. Further studies using more detailed data, as in the case study of Tuscany,
will be able to highlight the trend of the SCC curve so that the linear model can be refined and errors reduced by a more
accurate estimate of the curve.
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Highlights

1. Statistical correlation between North Atlantic Oscillation and rainfall

Link between global patterns and local-scale effects

Variability of correlation over time between NAO and rainfall

Role of Atlantic Multidecadal Oscillation on the relationship between NAO and rainfall in Europe.
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