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Abstract. Thus far, studies on climate change have focusedcharges, which were both strongly correlated with the winter
mainly on the variability of the atmospheric and surface NAO index.
components of the hydrologic cycle, investigating the im-  Although the effects of the North Atlantic Oscillation
pact of this variability on the environment, especially with (NAO) had already been demonstrated in the long-term
respect to the risks of desertification, droughts and floodsprecipitation and streamflow patterns of different European
Conversely, the impacts of climate change on the recharge ofountries and Mediterranean areas, the results of this study
aquifers and on the variability of groundwater flow have beenallow for the establishment of a link between a large-scale
less investigated, especially in Mediterranean karst areaatmospheric cycle and the groundwater recharge of car-
whose water supply systems depend heavily upon groundbonate karst aquifers. Consequently, the winter NAO index
water exploitation. could also be considered as a proxy to forecast the decadal
In this paper, long-term climatic variability and its influ- variability of groundwater flow in Mediterranean karst areas.
ence on groundwater recharge were analysed by examining
decadal patterns of precipitation, air temperature and spring
discharges in the Campania region (southern lItaly), coupled
with the North Atlantic Oscillation (NAO).
The time series of precipitation and air temperature werel  Introduction
gathered over 90 yr, from 1921 to 2010, using 18 rain gauges
and 9 air temperature stations with the most continuous funcin the last few decades, the international scientific com-
tioning. The time series of the winter NAO index and of the munity has intensely debated climate change on a global
discharges of 3 karst springs, selected from those feeding thecale (WMO, 1979) and the influence of anthropogenic ac-
major aqueducts systems, were collected for the same periodivities. Since 1979, several international research programs
Regional normalised indexes of the precipitation, air tem-(e.g. World Climate Programme — WCP, World Climate Data
perature and karst spring discharges were calculated, ana@nd Monitoring Programme — WCDMPttp://www.wmo.
different methods were applied to analyse the related timdént/pages/prog/wcp/wcdmp/indesn.php have been devel-
series, including long-term trend analysis using smoothingoped to analyse the state of knowledge on climate change,
numerical techniques, cross-correlation and Fourier analysido start global monitoring of the climate systems and to fully
The investigation of the normalised indexes highlighted understand the causes of its variability. Different groups of
the existence of long-term complex periodicities, from 2 to international experts (Intergovernmental Panel on Climate
more than 30 yr, with differences in average values of up toChange — IPCC) have been called to analyse the different
approximately+30 % for precipitation and karst spring dis- causes and effects of these changes on the environment.
Numerous reports have been published (IPCC, 1990, 2001,
2007) that summarise the current state of climate change and
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evaluate different scenarios for the impact of greenhouse gashowed a dominant quasi 60-yr periodicity (Mazzarella and
pollution on global climate. Scafetta, 2012).

On a national scale, many hydrological and climatolog- None of the abovementioned studies analysed the impact
ical studies (Lo Vecchio and Nanni, 1995; Brunetti et al., of climatic variability due to the NAO on the aquifer recharge
2000, 2006), following different methodological approaches,and groundwater regime from the interannual to decadal
have analysed the decadal climatic variations in Italy andtime scales.
the Mediterranean area with the long-term trends of annual The objective of this study was to examine, on a regional
precipitation and mean annual air temperature time seriesscale, the relationship between the NAO and groundwater
Other studies in Italy have assessed the relationship betweercharge by analysing the patterns of an NAO Index (here-
climate change and groundwater circulation (Dragoni andafter NAOI), precipitation, air temperature and spring dis-
Sukhija, 2008; Cambi and Dragoni, 2000). To assess the imeharge in the Campania region over a multi-decadal period.
pact of the climate variability on the water budget particu- Datasets covering a period of 90yr (1921-2010), composed
larly for the Campania region, a reduction of precipitation of of data gathered from 18 rain gauges and 9 temperature
approximately 20% in the last 20 yr was estimated (Duccigauges, chosen for their regular functioning during the whole
and Tranfaglia, 2008). period and their homogeneous distribution over the territory,

Numerous studies analysed the influence of the North At-were elaborated. Additionally, the discharge time series of
lantic Oscillation (hereafter NAO) (Walker, 1924; Walker the Sania karst spring, fed by the groundwater circulation of
and Bliss, 1932) on the annual variability of precipita- an extended fractured and karstified carbonate aquifer, were
tion in the Northern Hemisphere (Barnston and Livezey,analysed together with two other shorter time series of karst
1987; Hurrell, 1995; Hurrell and van Loon, 1997), partic- spring discharges.
ularly in Northern Europe, the Iberian Peninsula and the The present research represents the continuation and up-
European Alps (Rodriguez-Puebla et al., 1998; Uvo, 2003;dating of previous studies conducted on the climatic vari-
Lopez-Moreno and Vicente-Serrano, 2008; Bartolini et al.,ability of southern Italy due to the NAO (De Vita and Fab-
2009; Rodriguez-Puebla and Nieto, 2010), and its impact orbrocino, 2005, 2007). These studies provided a preliminary
river flows in European hydrographic basins (Rimbu et al.,analysis of regional precipitation and air temperature, hav-
2002; Trigo et al., 2004; dpez-Moreno et al., 2007; Mas- ing given a first insight into the correlation between the NAO
sei et al., 2009; Mdn-Tejeda et al., 2011; Lorenzo-Lacruz and the decadal variability of groundwater recharge in a test
etal., 2011). carbonate aquifer.

In the Mediterranean area, a correlation between the NAO, The paper is organised as follows. After a description
precipitation, river discharges and lake levels was also foundf the issue (Sect. 1), the hydrogeological and climate
in the Middle East and in Turkey (Cullen and deMenocal, characteristics of the study area are explained (Sect. 2).
2000; Cullen et al., 2002; Karakk et al., 2005; Trkes  Subsequently, hydrologic data and methods of analysis
and Erlat, 2005; Kicik et al., 2009). A strong interdepen- (Sect. 3), results (Sect. 4) and concluding remarks are
dence among the NAO, precipitation, river discharges andeported (Sect. 5).
air temperature in some southern Italy regions (Brandimarte
et al., 2011; Caloiero et al., 2011) was discovered. Recent
studies revealed that the impact of the NAO in Mediter-2 Climate and hydrogeological characteristics of the
ranean areas can also be widely conceived as extendable to Campania region
snow accumulation, crop production, landslides and soil ero-
sivity (Vicente-Serrano and Trigo, 2011). Finally, the NAO The Campania region is located in the southern part of the
was also found to extend its control on climate in north- Italian Peninsula and has an extension of approximately
ern Africa (Hasanean, 2004) and eastern North Americal3590kn?. It can be subdivided by the fundamental geo-
(Sheridan, 2003; Tootle et al., 2005). morphological features in the Apennine mountain ranges that

The temporal structure of the NAO and periodicities of its reach altitudes of 1000 to 2000 m a.s.l., accounting for 30 %
impacts on climate have been analysed (Greatbatch, 200@f the total area; coastal plains account for a further 18 %,
Wanner et al., 2001; Hurrell et al., 2003), concluding thatand a remnant part of this region consists of low-altitude hills
no preferred time scale of NAO variability exists and a gen-and alluvial valleys. The climate of the Campania region is
eral increase of power with period length in the spectrum ofof a Mediterranean type with hot dry summers and moder-
the NAOI. In detail, a quasi-biennial periodicity, a deficit in ately cool and rainy winters. Mean annual air temperatures
power from 3 to 5yr and an increase in power from 8to 10 yr, are in the range of approximately 10-°X2 in the moun-
which was more enhanced in the second half of the 20th centainous interior, 13—1%C in the coastal areas, and 123
tury (Hurrell and van Loon, 1997), were recognised. A recentin the plains surrounded by carbonate mountains. Rainfall
study based on the reconstruction of the NAO since 1650regimes vary from the coastal or Mediterranean type to the
by means of instrumental and documentary proxy predictorsApennine sublittoral (Bandini, 1931), which is characterised

by a principal maximum in autumn-winter and a minimum
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in the summer. The distribution of precipitation over the re- 3 Hydrologic data and methods of analysis
gion is mainly controlled by the Apennine Mountains, which,

acting as a barrier against humid air masses coming from thgyige .ot methods of analysis were applied to investigate
Tyrrhenian Sea, induce orographic precipitation (Hendersonye aqa) variability and correlations among hydrologic time
Sellers and_ Robinson, 1986). The Iowest_ mean annual raiNseries, including trend analysis using smoothing numeri-
fall, approximately 700-900 mm, occurs in the western and., techniques, cross-correlation and spectrum and cross-
eastern_ parts of the .Campama region; the highest mean ar%’pectrum analyses through Fourier transform. The trend anal-
nual rainfall, approximately 1700-2000 mm, occurs in the ygiq \was performed both with linear regression techniques
central par.t of the Apennine r'|dge. , , i and with low-pass numerical filtering of time series to pro-
_ The regional hydrogeological setting (Fig. 1) is essen-y;je eyidence of their decadal components. In this approach,
tially characterised by carbonate karst_ aquifers, with a highy, moving average over 11yr, centred on the sixth year,
degree of permeab|l|t.y due to fracturmg gnd karst. Thes‘%Nas applied, providing a good smoothing of the periodicities
aqwfe.r.f,, formed by limestone, dolomitic _Ilmestpne and agporter than one decade. With the purpose of estimating the
dolomitic series of carbonate platform facies (Trias — Pale- 4 japility around the mean value and of recognising anoma-
ogene), are confined by aquitards or aquicludes composed ¢f, ;s annual values outside the 90 % frequency range, moving

flysch and basinal series (Celico, 1978, 1983; Celico et al- 51y anq 95th percentiles over 11 yr, centred in the sixth year,
2000; Allocca et al., 2007, 2009). Morphologically, the first were calculated.

aquifers correspond to the higher mountains (carbonate mas-

sifs), while the second ones correspond to the low-altitude

hills. Both types of hydrostratigraphic units originate from 3.1 NAO index time series
tectonic units thrust in the Apennines chain. They are typ-

ically characterised by a basal groundwater flow, outflow- pifferent NAOIs exist depending on the barometric stations
ing in huge basal springs, with an average discharge freand on the period of the year considered (Hurrell et al., 2003).
quently greater than 1.0%s~1. The patterns of groundwa-  For the case study, the analyses were performed with a subset
ter flow are greatly conditioned both by the altimetry of the (1921-2010) of the winter NAOI (December through March
boundary with the juxtaposing lower-permeability flysch de- mean — DJFM) time series, calculated from the records of
posits, as well as by the position and permeability of cat-the Lisbon (Portugal) and Stikkishlomur (Iceland) baromet-

aclastic bands associated with main faults and thrusts. Theic stations since 1864ftp://www.cgd.ucar.edu/cas/jhurrell/
latter, behaving as aquitards, determine the fractioning of thendices.htm).

groundwater flow into several groundwater basins. Where the

carbonate aquifers are juxtaposed with medium permeable . . ) )

Plio-Quaternary epiclastic and alluvial deposits, a ground-3-2 Precipitation and air temperature time series

water exchange can exist. A subordinate perched groundwa-

ter flow also occurs in the surficial part of karst aquifers, To study the fundamental climatic variables that control

where the different deepening of the epikarst (Celico etgroundwater recharge, the total annual precipitation and the

al., 2010), as well as stratigraphic and tectonic factors, camean annual air temperature were gathered from the offi-

generate seasonal and ephemeral springs. The groundwateial monitoring network for the period 1921-2010 (90yr).

yield of the Campania’s karst aquifers varies from 0.015Since 2000, the management of the monitoring network

to 0.038n¥s1km=2 (Allocca et al., 2007, 2009). Given was changed from the national technical service and agency

the high quality of their groundwater and their availabil- (SIMN — Servizio Idrografico Mareografico Nazionaénd

ity for exploitation, basal springs are, for the most part, ISPRA —Istituto Superiore per la Protezione e la Ricerca

tapped; thus, carbonate aquifers represent strategic resourc@mbientale http://www.isprambiente.gov)ito the regional

for the socio-economic development of the Campania regiorCivil Protection agencyhttp://www.protezionecivile.gov)it

and southern ltaly. On the basis of the temporal continuity of the record and
The hydrography of the Campania region is mainly char-of the homogeneous distribution over the territory, 18 rain

acterised by three principal rivers (Garigliano, Volturno and gauge stations were selected. Similarly, 9 thermometric sta-

Sele) and by numerous minor streams, mostly draining totions were identified (Fig. 1). In this case, the smaller num-

wards the Tyrrhenian Sea. The morphology of the drainagéer reflected the sparser density of the monitoring network

network is irregular and controlled by geological and struc- due to the low spatial variability of air temperature, mostly

tural features. The principal rivers have a perennial regimedepending on the altitude.

in the terminal segments due to the feeding of groundwater The assessment of a climate trend at the regional scale was

that outflows from carbonate aquifers, directly from springs performed by defining the indexes representative of the an-

and indirectly through alluvial aquifers. Instead, the stream-nual anomalies with respect to the mean value, which min-

flow of minor watersheds is frequently ephemeral and moreimised variations due to local factors. To obtain such an in-

dependent on the precipitation regime. dex for precipitation, the Mean Annual Precipitation Index
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Fig. 1. Hydrogeological map of the Campania region. Hydrostratigraphic units and key to symbols: (1) alluvial and epiclastic units (Quater-
nary); (2) volcanic units (Pliocene-Quaternary); (3) late orogenic molasses and terrigenous units (Upper Miocene-Pliocene); (4) pre-orogenic
and syn-orogenic terrigenous units of inner and thrust-top basins series (Cretaceous-Upper Miocene); (5) siliceous-marly units of outer basin
series (Trias-Paleogene); (6) limestone and dolomitic limestone units of carbonate platform series (Jurassic-Paleogene); (7) dolomitic units of
carbonate platform series (Trias-Jurassic); (8) main basal springs of carbonate karst aquifers; (9) groundwater head contour lines in alluvial
and volcanic aquifers; (10) main preferential drainage axes of groundwater flow in alluvial aquifers; (11) identification of the carbonate karst
aquifers analysedqa) Matese Mount{b) Terminio Mount;(c) Cervialto Mount; (12) regional boundary; (13) rain gauge stations; (14) air
temperature monitoring stations.

(hereafter MAPI) was calculated as follows: (hereafter MATI) was calculated as follows:
18
AP;i-MAP, O, ATL-MAT
12:: MAP; kglﬁTkk
MAPII:T (1) MATI i:_g— 2)
> Sk
Jj=1 k=1

where MAP} =Mean Annual Precipitation Index for the
year (%), AP; =Annual Precipitation for thg rain gauge
station and the' year (mm); MAF =Mean Annual Pre-  horaqre gauge station and theear ¢C); MAT, = Mean An-
cipitation of the whole time series for the rain gauge g ajir Temperature of the whole time series for khair

station (mm). _ S _ temperature gauge statiot().
Similarly and with reference to the identical observation

period (1921-2010), the Mean Annual air Temperature Index

where MATJ; = Mean Annual air Temperature Index for the
i year (%); AT;; = Annual air Temperature for theair tem-

Hydrol. Earth Syst. Sci., 16, 13894399 2012 www.hydrol-earth-syst-sci.net/16/1389/2012/



P. De Vita et al.: Coupled decadal variability of the North Atlantic Oscillation 1393

3.3 Effective precipitation time series bility is among the most important works of hydraulic engi-
neering ever made in Italy. The spring discharges have been
To assess the mean annual effective precipitation, which regmeasured with a bi-weekly frequency until 1964 and daily in
ulates groundwater recharge, the mean annual real evapenhe following years, allowing the estimation of the mean an-
transpiration for each rain gauge station was estimated byyual discharge (3.95%s1). The carbonate aquifer suffered
applying the empirical formula of Turc (1954), as several strong seismic shaking due to the proximity10km) of
studies have confirmed its reliability for Mediterranean ar- the epicentre of the 23 November 1980 earthquake (Ms=6.9
eas and southern Italy (Santoro, 1970; Boni et al., 1982and a focal depth of 16 km) that caused anomalous high
Celico, 1983): spring discharges during the period 1980-1981, followed by
AP a gradual recovery of normal values until 1984 (Celico, 1981,
= (3) Celico and Mattia, 2002). The same time series was already
0.9 AP;; 2 analysed by other authors in order to discover a method for
2T <300+25.AT_,-,-+0.05AT§[.) analysing and forecasting drought periods (Fiorillo, 2009;
Fiorillo and Guadagno, 2010).
where ET;; =real EvapoTranspiration for thg rain gauge For this time series, the Mean Annual Discharge Index
station and the year (mm); AB; = Annual Precipitation for  (hereafter MADI) was calculated as follows:
the j rain gauge station and thieyear (mm); AT; = Annual
air Temperature for thej rain gauge station and the  \ADI; = MAD;-MAD (5)
year (C); for the rain gauge stations without air tempera- MAD
ture gauges, mean annual air temperature values were €jnere MADI; =Mean Annual Discharge Index for thie
trapolated using linear correlations with altitude that Wereyear (%): MAD =Mean Annual Discharge for the year

statistically robust in all cases. . (m3yr~1); MAD=Mean Annual Discharge of the whole
Finally, for each year of the time series, the Mean An- time series (Ryr-1).

nual Effective Precipitation Index (hereafter MAEPI) was  \with the same approach, equivalent indexes for the

ET;i =

calculated as follows: time series of annual maximum and minimum discharges
18 (MADI max and MADInin) were calculated. Due to the de-
AEP;;-MAEP; ; ;
> —MAEP, pendency of the aqueduct feeding, the latter was considered
MAEPI,=/=2 (4)  Pparticularly significant.

) Two additional time series of karst spring discharge were
.Z J chosen among those of greater duration, the Cassano Irpino
and Maretto karst springs (Fig. 1), which belong to the Mount
where MAEP] = Mean Annual Effective Precipitation Index Terminio and the Mount Matese karst aquifers, respectively.
for thei year (%); AER; = Annual Effective Precipitation for ~ The recording period under consideration was 1965-2010 for
the j rain gauge station and thgear (mm); MAER =Mean  the first time series and 1965-2000 for the second, with an
Annual Effective Precipitation of the whole time series for interval partially overlapping that of the Saikarst spring
the j rain gauge station (mm). of 45 and 35 yr, respectively.

3.4 Spring discharge time series
4 Results and discussion

The discharge time series (1921-2010) of the Sakdtrst

spring was analysed. This is a unique case for the Cam#-1 .Correlation of the NAOI and regional climatic
pania region and southern ltaly, both for its length and indexes

for the thorough continuity of the recording, as well as

for the hydrogeological representativeness of the feed—The time seri(_as of the winte_r NAQI, MAP, MAT' and
ing aquifer. The Sarit karst spring (15.314.8559' E MAEPI were first analysed with a least squares linear re-

40P49'5.3808' N: 420ma.s.l) represents the sole ground_gression approach (Fig. 2). This analysis showed a general
water outflow of the Cervialto Mount (23504237 E decreasing linear trend for the MAPI and the MAEPI with

40P46'54.1411' N; 1808 ma.s.l) karst aquifer, which ex- annual decreasing rates-00.13 %, with respect to the mean

tends for over 128 kiand is confined by hydrostratigraphic Valué (1160.2mm) r(=—0.203; Prob. t-Student=5.49%),
units of the pre-orogenic and syn-orogenic terrigenous basiIor the MAPI and 0f—-0.26 %, with respect to the mean
nal series, with a lower degree of permeability (Celico, 1978,value (625.2mm)(=—0.196; Prob. t-Student=7.2 0/‘_’) fpr
1983). It is located in the upper part of the Sele River Water-_the M_AEPI' In contrast, for the_ MATI, a more 5|gn|f_-
shed (Fig. 1), close to the settlement of Caposele (Province ofant linear trend was found with an annual increasing
Avellino). The karst spring was tapped in 1906 by the Apu-

rate of 0.6 %, with respect to the mean value of (E€3B
lian Aqueduct www.agp.i), which by extension and capa- (" =0-262; Prob. t-Student=1.59%).
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Fig. 2. Time series ofa) winter NAOI time series monitored between Lisbon (Portugal) and Stykkisholmur/Reykjavik (Ice(aht)API;

(c) MATI; (d) MAEPI. Key to symbols: continuous magenta lines = linear trend of the whole time series (equation and coefficient of correla-
tion in the lower left corner); dashed magenta lines =95 % confidence interval of the expected mean value; dash-dotted magenta lines =95 %
prediction interval of the expected value; continuous thick line = 11-yr moving average centred on the sixth year; dashed lines = 11-yr moving
percentiles of 5th and 95th centred on the sixth year; number on right side of the graphs = absolute mean value of the whole time series.

The long-term declining linear trend over the whole ob- The long-term trend of the MATI (Fig. 2c) displayed
served time period of the MAPI was in accordance with an increasing pattern, although a complex cyclical dynamic
the findings of other authors for precipitation in southern was also observed in fluctuations of the 11-yr moving aver-
Italy (Cotecchia et al., 2003; Polemio and Casarano, 2008age. The minimum value of the MATI was15 % (1944),
Ducci and Tranfaglia, 2008; Brandimarte et al., 2011). In ad-and the maximum was +14 % (1994). The trends over the
dition, by observing the 11-yr moving average pattern with last two decades of both the MAPI and the MATI were
respect to the normal value (mean value of the whole time sefound to be consistent with what was previously found
ries), a complex cyclical dynamic was recognised (Fig. 2b).by other researchers for the Campania region (Ducci and
Two phases characterised by values above the normal valugranfaglia, 2008).
were identified in the periods 1930-1944 and 1958-1978, The long-term trend of the MAEPI (Fig. 2d) showed a
and three phases below the normal value were identified irdecreasing linear trend; however, very remarkable fluctua-
the years preceding 1930 and in the periods 1944-1958 antions around the mean value, with cyclical long-term dynam-
1980-2005. These long-term fluctuations were found as inics, were observed. The extreme values of the time series,
versely coincident with those of the winter NAOI (Fig. 2a). ranging from +72 % (1933) te-61 % (2001), were identi-
Interestingly, for the last part of the time series, an increasedied as matching those of the MAPI time series, therefore
frequency of MAPI values below the average value, whichdemonstrating the amplification effect due to the nonlinear
were not reached during previous periods, demonstrated behaviour of the actual evapotranspiration. Similar to the
downward shifting trend. From 1985 to 2008, negative val- MAPI, a downward shift was observed for the MAEPI in the
ues (down to<—30 % in 1992) were continuously observed, last decades of the time series.
except in 1995, 1996 and 2005. Similar low levels also oc- The variability of the MAPI and the MAEPI, identified as
curred in the 1930s and the 1940s (1932 and 1946) but withhe difference between the 5th and the 95th 11-yr moving
lower frequency (Fig. 2b). The maximum values of the time percentiles, appeared inconstant during the time series with
series were as follows: +31% (1933), +35% (1969) andhigh ranges (Fig. 2b and d) of up to 50% (from +30% to
+41 % (2010). —20%) and 90 % (from +60 % and30 %), respectively, in

the periods characterised by the negative phase of the NAO.
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In contrast, lower variability in the positive phase of the NAO
was observed, with ranges of 35% (from +5 %-t80 %)
and 70 % (from +20 % te-50 %), respectively.

The integrated analysis among the different components ]
of the long-term time series of the NAOI, the MAPl and ~ -+- L~ 2} 4 il b e.]
the MAEPI showed, after filtering with the 11-yr moving : :
averages, a strong co-movement and a good overlapping of
the positive and negative peaks (Fig. 3). Particularly, theFig. 5. Cross-correlation analysis between the long-term compo-
more simplified periodicity of the time series showed two Nents of the winter NAOI and the MAEPI carried out (&) the
decadal cycles and the beginning of a third cycle starting aP"i9inal time series data ar() the 11-yr moving average.
approximately 1990.

A significant correlation between the winter NAOI and
the MAPI was verified using a cross-correlation analy- 1980 (Fig. 8a and b). The variability of the MADI, identified
sis performed with the raw data of these two time se-as the difference between the 5th and the 95th 11-yr moving
ries. In this case, the absolute maximum value of the corpercentiles, was observed to be higher in the negative phase
relation ¢=-0.422; Prob. t-Studert0.1%) was found  of the NAO, with a range of 45 % (from +30 % anel5 %),
at a lag time variable from 0 to +1yr (Fig. 4). Con- and lower in the positive phase of the NAO, with a range
sidering the 11-yr moving average time series, the absoof 25% (from +5% and-20 %) (Fig. 6a). In contrast, for
lute maximum value of the resulting correlation increasedthe MADI,in time series, a lower variability was recognised
(r=-0.767; Prob. t-Student 0.1 %). The cross-correlation (Fig. 6b).
analysis between the winter NAOI and the MAEPI (Fig. 5)  The integrated analysis of the long-term components of the
revealed a stronger correlation for the raw data of the timewinter NAOI and MADI time series, expressed by the 11-yr

coefficient
o
i
coefficient
o
T

o
o
=}
13

series { =—0.431; Prob. t-Studenrt 0.1 %). moving averages, showed a phase coherence (Fig. 7), except
for the period 1980-1981, which was influenced by the earth-
4.2 Correlation of the NAOI and spring discharges quake shaking. This observation was confirmed by the anal-

ysis of cross-correlation (Fig. 8), carried out both on the raw
A general linear decreasing trend with a rate-60.14%  data of the time serieg € —0.506; Prob. t-Student 0.1 %)
per year, with respect to the mean value (3.95m) and for the 11-yr moving averages X—0.780; Prob. t-
(r =—0.300; Prob. t-Student=0.5%), and high annual fluc- Student< 0.1 %). The maximum correlation was found for
tuations around the mean, with extremes of +38% (1941)both at lag times of 0 and +1 yr.
and —25% (2002), were found for the MADI time series  The comparison of the discharge time series of the &anit
(Fig. 6a). Specifically, a complex multi-year cyclicality was karst spring with two other time series of spring discharge
identified by the 11-yr moving average, which showed two belonging to the Cassano Irpino and Maretto karst springs,
phases of maxima corresponding to the years 1930-1944 arel/en if for a limited overlapping period (1965-2010 and
1958-1978 and two phases of minima corresponding to thd965-2000) (Fig. 9), permitted the recognition of a coher-
years before 1930, the period 1944-1958 and the years aftent descending pattern until 1990 and a rising trend in the
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Fig. 6. (a) MADI time series;(b) MADI i time series. Key to
symbols: continuous magenta line =linear trend of the whole time

series (equation and coefficient of correlation in the lower left cor- Fig. 9. Graphical comparison of annual mean dischar@&sdar) of
ner); dashed magenta lines=95% confidence interval of the Xthe Sanid, Cassano Irpino and Maretto karst springs (Fig. 1). Key

pected mean value; dash-dotted magenta lines = 95 % prediction iry, gy mpol: continuous thick line = 11-yr moving average centred on
terval of the expected value; continuous thick line =11-yr moving 14 sixth year

average centred on the sixth year; dashed lines = 11-yr moving per-
centiles of 5th and 95th centred on the sixth year; number on right
side of the graphs = absolute mean value of the whole time series.

‘ —o-Sanita —Sanitd ma-11y —e-Cassano Irpino —Cassano Irpino ma-11y —e-Maretto —Maretto ma-11y‘

following years, according to the pattern of the NAOI for the
same period (Fig. 2a).

20% T . -2.5

15% -

4.3 Cross-spectrum analysis of the NAOI, the MAPI
S and the MADI

05 S A Fourier analysis was applied to the NAOI, MAPI and

A g f MADI time series in order to understand their temporal
) structures, periodicities and respective coherency. The pur-
= pose of this analysis is to decompose complex time series

MADI 114y a1y = MADI g 41y = MADI i ma. 11y (%)

10% | i AN with cyclical components into fundamental underlying sinu-
| ‘ "/ 18 soidal functions (sine and cosine), findipg their amplitudes
W 2 and wavelengths and reconstructing their power spectra.
-20% , ‘ : ‘ i 25 The observed spectrum for the winter NAOI results were
1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

similar to that previously observed by other authors (Sect. 1),
with principal periodogram peaks characterised by period-
Fig. 7.Comparison between the 11-yr moving averages of the NAOIicities from 2 to 3yr, from 5 to 9yr, and at 30 and 45yr
time series and the MAR{ax, MADI and MADI i, time series of ~ (Fig. 10). Due to the length of the time series, longer pe-
the Sania spring. riodicities were not found. The principal periodogram peaks
for the MAPI and MADI time series were simultaneously ob-
served at 2, 5, 15, 22 and 45yr and appeared to match those

[ ==--MADImaxma-1ly ——MADIma-11y oo MADI min ma-11y _———NAOI ma-11y |

Hydrol. Earth Syst. Sci., 16, 13894399 2012 www.hydrol-earth-syst-sci.net/16/1389/2012/



P. De Vita et al.: Coupled decadal variability of the North Atlantic Oscillation 1397

100% 5 Conclusions

o0% In the Campania region, a complex cyclical periodicity of
rainfall patterns that was mainly teleconnected with the
North Atlantic Oscillation was discovered, confirming that
i previously observed for other regions of western Europe

\.
S
X

-3
S
B

and North America (Hurrell and van Loon, 1997; Vincente-
| ‘ Serrano and Trigo, 2011). The integrated analyses of regional

N
=)
R

Standardized periodogram (%)
8 g
= =

indexes of precipitation, air temperature and effective precip-
itation in the period 1921-2010 (90 yr) revealed a significant
impact of the NAO on processes of groundwater recharge.

N
o
b3

=
X

O s 7 e 3 18 17 e 21 2 7 27 28 o1 53 58 57 39 W1 43 4 4 a9 This was confirmed by the robust correlation between the
Period (year) H H . .
S o e S winter NAO index and the annual spring discharges of a

unique long-lasting karst spring discharge time series, as well
Fig. 10.Largest periodogram peaks for the NAOI, MAPI and MADI as of other shorter time series.

time series. The analysis of the temporal structure of the time series
showed stronger correlations for periodicities varying from

1.80 the interannual to decadal time scales, with the greatest cor-
160 ittt LT NS T S I 0 0 O SO S — relation at the periodicity from 30 to 45yr. This periodic-

ity determined a decadal variability of the precipitation and
spring discharge, configuring two complete long-term cycles
with minima corresponding to 1925, 1948 and 1990 and dis-
playing a new cycle starting in the early 1990s. The latter
has been characterised by an increase in precipitation and the
spring discharges as well as by the rising of piezometric lev-
els and the return of karst springs, which disappeared during
the 1980s and 1990s.
The results obtained can be considered a first attempt to
000 exteno! understanpling of the impact of the 'NAO on the hy-
1000 100 10 drological variability over Europe and Mediterranean karst
Period (years) . .
[ —NAGI-MAPI —NAGI-MADI ] areas, including the underground component of the hydro-
logical cycle on large and strategic regional aquifers. More-
Fig. 11.Cross-amplitude of the MAPI and MADI time series com- over, the correlations can be conceived as a basis in for-
pared to the NAOI time series. mulating groundwater recharge models of carbonate karst
aquifers and in planning appropriate management scenarios
of aqueduct feeding from the interannual to the decadal time
scales. Due to this teleconnection, the NAO would be con-
ceived as a proxy to forecast climate change (Mazzarella
and Scafetta, 2012) the decadal variability of groundwater

X recharge in Mediterranean karst areas. This consideration
ysis (Shumway and Stoffer, 2006) was performed 10 Ob-jg enhanced by the wide interest of the scientific commu-

tain cross-amplitude values of the cross periodogram, COryiry in the North Atlantic Oscillation, which continuously

responding to a measure of the covariance between thgne ates monitoring and interpretations of this large-scale
respective frequency components in the two time series. i ocoheric phenomenon.

From this analysis (Fig. 11), correlations for periodicities
from 2 to 3yr, from 3 to 4 yr, for periods of around 5yr and )
8yr and for periods from 30 to 45yr were discovered. The/AcknowledgementsThe authors  wish to ~thank Gerardo
longer periodicities, which were characterised by the greatesfe"tafridda of the AQP Aquedotto Pugliese 'S.p.Antig:

. - . www.aqp.i) who provided data for the Cassano Irpino and
cross-amplitude, were also recognised by the observation g . :
the Sanid karst springs. The authors are also grateful to

the fluctuation of Fhe 11-yr moving averages, yvhose MiNiMay, o Department of Civil Protection of the Campania region

peaks occurred simultaneously for the three time series aﬁe(fhttp://www.regione.campania).,itwhich has kindly provided the

approximately 45yr (Figs. 4 and 9). rainfall and temperature data. Finally, the authors are grateful to
anonymous reviewers for constructive criticism.
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belonging to the winter NAOI for periodicities from 2 to 3 yr,
at 5yrand at 45yr (Fig. 10).

To find periodicities of the MAPI and the MADI that were
synchronous with the winter NAOI, a cross-spectral anal-
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