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Abstract

An annual-resolved precipitation reconstruction for the last 800 yr in Southern Spain
has been performed using stable carbon isotope (δ13C) of Pinus nigra tree rings. The
reconstruction exhibits high- to low-frequency variability and distinguishes a Little Ice
Age (LIA, AD 1350–1850) characterized by lower averaged rainfall than both in the5

transition from the Medieval Climate Anomaly to the LIA and in the 20th century. The
driest conditions are recorded during the Maunder solar Minimum (mid 17th–early 18th
centuries), in good agreement with the Spanish documentary archive. Similar linkage
between solar activity (maximum/minimum) and precipitation (increase/decrease) is
observed throughout the entire LIA. Additionally, the relationship between the hydro-10

logical pattern in the Iberian Peninsula and Morocco during the LIA suggests different
spatial distribution of precipitation in the south-eastern sector of the North Atlantic re-
gion such as it is known currently. Whereas in the instrumental record the precipitation
evolves similarly in both regions and opposite to the North Atlantic oscillation (NAO)
index, the coldest periods of the LIA shows a contrasting pattern with drier conditions15

in the South of Spain and wetter in Northern Africa. We suggest an extreme negative
NAO conditions, accompanied by a southward excursion of the winter rainfall band be-
yond that observed in the last century, can explain this contrast. The sustained NAO
conditions could have been triggered by solar minima and higher volcanic activity dur-
ing the LIA.20

1 Introduction

Multi-decadal natural climate variability during the last millennium in Europe showed
cooling stages occurring within a climate period so-called the Little Ice Age (LIA, AD
1350–1850). The most studied episode is the Maunder Minimum (MM, mid 17th- early
18th centuries) characterized by a reduction of European annual mean temperature25

of 1 to 1.5 ◦C (Pfister, 1995). This cooling is thought to be related to a weaker solar

4150



D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

output and increased volcanic activity (Wanner et al., 2008). General Circulation Mod-
els suggest that it was also reinforced in Western Europe by a shift towards the neg-
ative Arctic Oscillation/North Atlantic Oscillation (AO/NAO) induced by a weaker solar
forcing (Shindell et al., 2001; Langematz et al., 2005). Short-term solar cycle (11-
yr) via changes in the solar ultraviolet irradiance and the consequent changes in the5

stratospheric ozone concentration may influence on the NAO index (Kodera, 2002;
Matthes et al., 2006, 2011; Ineson et al., 2011). Based on an ocean-troposphere-
stratosphere climate model, Ineson et al. (2011) suggest that the simulated response
of the surface climate during the last 80 yr of solar minima resembles the negative
NAO conditions in the Northern Hemisphere. The NAO, a natural pattern resembling a10

meridional sea-saw of atmospheric pressure between the Azores and Iceland, strongly
modulates climate anomalies in Western Europe, Eastern North America, Arctic and
Mediterranean regions on sub-decadal timescales (Hurrell, 1995). Changes in the
NAO index are accompanied by a latitudinal displacement of the mid-latitude wester-
lies and associated storm tracks. It can be seen that within its range of variations, the15

maximum of precipitation anomalies shift by about 25 degrees latitude, from 62◦ N to
38◦ N. North and south of the maximum-precipitation band, precipitation anomalies are
negative (Fig. 1a). The most recent example occurred in the 2009/2010 winter coincid-
ing with the minimum of solar cycle 23. In that winter, the NAO index attained its most
negative value (-2.4) recorded on the instrumental series and was accompanied by a20

southerly displacement of the mid-latitude westerlies and associated storm tracks, by
atmospheric blocking that lead to both cooling over the mid-latitude landmasses of the
Northern Hemisphere including Europe and the USA (Seager et al., 2010) and by the
highest precipitation of the last two centuries in the South of the Iberian Peninsula and
Northern Africa (Vicente-Serrano et al., 2011) (Fig. 1a top).25

Comparison between continuous hydrological records at the northern (Scotland) and
the southern (Morocco) nodes of the NAO dipole has allowed reconstructing the NAO
index for the last millennium (Trouet et al., 2009). It describes predominance of nega-
tive values throughout the LIA. This index reconstruction based on hydrological proxies
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would be in good agreement with climate models that explain the temperature pattern
for the MM (e.g., Shindell et al., 2001). However, additional proxies sensitive to precip-
itation in Southern Europe indicate a more complex picture during this period. Along
the whole Iberian Peninsula (40–36◦ N), an increased number of ’rogations’ praying
for rain suggests a drought pattern in both Mediterranean and Atlantic regions during5

the second half of the 17th and the beginning of the 18th century coinciding with the
MM (Barriendos, 1997; Vicente Serrano and Cuadrat, 2007; Rodrigo and Barriendos,
2008; Domingez-Castro et al., 2010, 2011). Unfortunately, the available proxy-data
for the Iberian Peninsula do not allow a detailed study of the hydrological variability
covering the whole LIA. On the one hand, high-resolved proxies, such as documentary10

resources, do not cover the entire period and available tree-rings based precipitation re-
constructions in Spain only display variability at high frequencies (Nicault et al., 2007);
on the other hand, chronological models of the Iberian sedimentary records do not
have sufficient resolution to depict the hydrological evolution on inter-annual to multi-
decadal timescale (Moreno et al., 2011; Morellón et al., 2011). On the other hand, the15

coincidence between the Iberian droughts and the Maunder minimum in solar activity
could suggest a solar-climate linkage, which however cannot easily be explained in
terms of physical mechanisms (i.e. variations of the NAO) (Domı́nguez-Castro et al.,
2010), since a more negative NAO is accompanied in the present climate by higher
precipitation in the Iberian Peninusla.20

In this study we analyse, for the first time, precipitation reconstruction based on
a tree-ring proxy for the last 800 yr in Southern Spain, providing the longest annual-
resolved record for the Iberian Peninsula. The main goal is to describe the hydrolog-
ical variability within the LIA in South-Western Europe on inter-annual to centennial
timescales and to discuss the possible driving mechanisms and climate forcing behind25

these variations.
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2 Regional setting

The study site is a Pinus nigra subsp. salzmannii (Dunal) forest located at the Cazorla
Range, in the Natural Park of Sierra de Cazorla, Segura y las Villas (37◦48′ N, 2◦57′ W,
1800 m a.s.l.) (Fig. 1b,c). It is the oldest forest found up to now in the Iberian Peninsula
(Creus Novau, 1998). The reliable length of the tree-ring chronology covers almost5

the last millennium. This forest has a high paleoclimatic value since it is located in the
altitudinal limit of the species distribution, where human influence is low.

The climate of Natural Park of Sierra de Cazorla, Segura y las Villas is Mediterranean
characterized by cold and wet winters and very warm summers. Precipitation is excep-
tionally high (800 mm on average annual precipitation) in comparison with typical dry10

areas from the southeast of the Iberian Peninsula (Heywood, 1961). The seasonal pre-
cipitation distribution is: winter (36.8%), spring (27.6%), summer (6.2%) and autumn
(28.4%) (Fig. 1d).

3 Materials and methods

3.1 Tree-ring data and chronology development15

Sampling was carried out in Puertollano-Cabañas, Sierra de Cazorla Segura y las Vil-
las (37◦48′ N, 02◦57′ W, 1800 m a.s.l.). 89 samples were taken in a Pinus nigra subsp.
salzmannii (Dunal) forest from 40 dominant living trees with ages between 250 and
900 yr old. According to standard procedures, cores were visual cross dated, tree ring
widths measured (TRW) with an accuracy of 0.01 mm using the linear table Lintab™20

(Frank Rinn S.A., Heidelberg, Germany) and the TSAP-Win program. The quality and
correct dating of the resulting series were checked with COFECHA (Holmes, 1983).
Four of the collected cores were selected for isotopic analysis. Tree rings were split
manually with a scalpel under a stereomicroscope, and the α-cellulose extracted chem-
ically. The total length of the chronology is a combination of individual measurements25
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and a pool of the same trees (Fig. 2). The similarity of the results yield by these two
methodological approaches was successfully tested in Dorado Liñán et al. (2011). The
isotope ratios are given in the conventional delta (δ) notation, relative to the standards
VPDB (δ13C) and VSMOW (δ18O). Signal strength of the master chronologies were
assessed using the Express Population Signal (EPS) to ensure reliability and repre-5

sentativeness of the final chronologies. For this study, a final chronology has been
established based on stable carbon isotope (δ13C) of tree-rings.

3.2 Precipitation reconstruction based on δ
13C

Correlations between δ13C and monthly climate instrumental data from 1901–2006
CRU TS3.0 database (Mitchell and Jones, 2005) covering the geographical box 36–10

40◦ N, 4–0◦ W, were calculated with monthly data and for different combinations of sea-
sonal means. The calibration against the overlapping instrumental record was per-
formed applying standard regression techniques. The statistical coefficients of deter-
mination and reduction of error (RE) were calculated (Table 1). Confidence intervals
were calculated in order to establish the uncertainty related to the calibration model15

used for reconstruction. δ13C shows a significant negative moisture signal (Fig. 3a).
At the same time, a significant positive relationship with summer-to-early-autumn tem-
perature occurs, but only the precipitation signal is temporally stable (Andreu-Hayles
et al., 2011; Dorado Liñán, 2011). The negative correlation between δ13C and summer
precipitation has been reported for different pine species across the Iberian Peninsula20

(Andreu et al., 2008; Voltas et al., 2008), the Alps (Treydte et al., 2001; Gagen et al.,
2006) and in Finish Lapland (Gagen et al., 2007). Indeed, this common summer pre-
cipitation signal seems to be regional (Treydte et al., 2007), overriding individual signals
such as the species-specific physiology, the micro-site conditions and even the local
climate peculiarities.25

The proxy record (δ13C) from Cazorla Range displays a regional correlation with a
coherent decrease of the spatial significance (Fig. 3b). Calibration/verification was per-
formed between the stable carbon isotope (δ13C) and instrumental June-to-September
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precipitation for the period 1901–2006 using the split-period procedure (Snee, 1977).
Pearson’s correlation coefficient (r) and reduction of error (RE) (Cook et al., 1994)
were calculated to test the validity of the model derived from the regression. Results
show strong and temporally stable relationships between the tree-ring records and tar-
get climate variables (Table 1) and a good agreement on different frequency domains5

(Fig. 3c). Therefore, the validated models were used to reconstruct June-to-September
precipitation (P0609) based on δ13C. Uncertainties related to the precipitation recon-
struction where calculated taking into consideration two sources: the calibration uncer-
tainty and the residual uncertainty.

In the context of the Mediterranean climate, the δ13C precipitation-sensitive proxy10

reflects the summer soil water balance since this is the limiting season for tree growth;
however, ultimately, summer soil water balance depends also on the water recharge
during the wetter seasons (Fig. 1d). Thus, summer precipitation is well correlated with
the total annual precipitation anomalies (r =0.58) suggesting that both follow the same
inter-annual variability. That means wet (dry) years are also characterized by wet (dry)15

summers (Fig. 3d).

4 Results

Precipitation reconstruction at the Cazorla site during the last 800 yr shows that the
highest precipitation occurred before and after the LIA, at AD 1250 and during the 20th
century (Fig. 4a). A decreasing trend is observed from AD 1200 up to 1360 followed20

by sustained lower mean values until AD 1600. The 100 yr interval from AD 1650 to
1750 is characterized by the lowest rainfall amounts and by a very low inter-annual
variability. At the end of the 19th century, rainfall increases gradually until present day.
The most significant minima occurred from AD 1650 to 1750, corresponding to the MM
and at AD 1820–1840 during the Dalton Minimum (DM) (Fig. 4).25
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5 Discussion

5.1 Regional pattern of hydrological variability in South-Western Europe

The transition from the Medieval Climate Anomaly (MCA) to the LIA is evidenced in
the Iberian Peninsula from AD 1200 to 1350 (Moreno et al., 2011). This transition was
characterized by a general cooling and an increase in the humidity that distinguished5

a warmer and arid MCA from a cooler and moister LIA on multi-centennial timescale
(Moreno et al., 2011; Morellón et al., 2011). At the Cazorla site, more humid conditions
are recorded at ca. AD 1250 (Fig. 4a), which likely correspond to that humidity increase.
However, after this date averaged precipitation gradually decreases indicating relatively
drier conditions at Cazorla that they were during the MCA-LIA transition (Moreno et al.,10

2011).
During the LIA (AD 1350–1850), decadal precipitation variability suggests solar-

climate relationship, which describes solar minimum (maximum) coinciding with de-
crease (increase) in precipitation (Fig. 4). The MM was the driest period of the LIA over
the Cazorla region. These 100 yr of persistent lower precipitation are in accordance15

with the increase in the number of rogations ceremonies as reflecting annual droughts
across the Iberian Peninsula (Domı́nguez-Castro et al., 2010 and references therein)
(Fig. 5a,b). The whole Cazorla reconstruction is corroborated by other low-resolution
(multi-centennial) hydrological proxies in Spain (Fig. 5). For instance, flood episodes
recorded in Taravilla Lake sediments (40◦ N) (Moreno et al., 2008) and Guadalentin20

River (38◦ N) (Benito et al., 2010) show a reduced activity from ca AD 1550 to present
day (Fig. 5c,d); decreased runoff from the Zoñar Lake (37◦ N) (Martin-Puertas et al.,
2011) (Fig. 5e) and drier conditions in Southern and Central Euope for nearly the entire
LIA (Nicault et al., 2008). Some discrepancies have been found in the Pyrenees (North-
Eastern Spain), where cooler and wetter episodes broadly coincide with solar minima25

(Morellón et al., 2011). In this region, the effect of the macro-relief (600–3000 m a.s.l)
and its location perpendicular to several predominant air masses circulation cause a
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high climatic heterogeneity, which might lead to a more local signal (Lopez-Moreno
et al., 2008).

Comparison of the hydrological variability over South-Western Europe (Cazorla,
37◦ N) and North-Western Africa (Morocco, 34–32◦ N) (Esper et al., 2007; Touchan
et al., 2011) shows an opposite trend during the LIA. In Morocco, wetter conditions pre-5

vailed from AD 1450 to 1980 preceded by drier conditions back to AD 1450, including
the end of MCA (Esper et al., 2007). The higher precipitation occurred before in Ca-
zorla (AD 1250) than in Morocco suggesting the MCA-LIA transition was earlier in the
Iberian Peninsula. From AD 1200, rainfall starts decreasing in Iberia while it increases
gradually in Morocco. At the onset of the LIA (∼AD 1350), precipitation is increasing in10

Morocco but low in the South of Spain until the mid 19th century (Fig. 5f,g).

5.2 Driving mechanisms and climate forcing

Presently, the variability of the atmospheric circulation over the Atlantic-European re-
gion determines the spatial distribution of the precipitation and describes a similar pat-
tern in South-Western Europe and North-Western Africa. The apparent hydrological15

discrepancies between these two areas during the LIA suggests a shift in that rainfall
distribution. The most important regional circulation modes affecting climate over West-
ern Europe (including the British Isles, Ireland, the Iberian Peninsula and Morocco) are
the AO/NAO (34.7%) and the Eastern Atlantic pattern (EA) (17.7%) (Zveryaev et al.,
2008). The NAO and the EA are structurally similar: a seesaw of atmospheric pressure20

between sub-polar low and subtropical high; but the EA centres of actions are located
southward and it is often interpreted as an equatorward shifted AO/NAO pattern (Barn-
ston and Livezey, 1987). In any case, both modes modulate the magnitude and the
latitudinal trajectory of the mid-latitude westerlies (storm-tracks) in the North Atlantic
realm through AO/NAO-like pattern (Hurrell, 1995; Wibig, 1999). The EA is further25

connected to the Western Russian pattern (WR) composing the EA/WR teleconnection
during wintertime (Krichak et al., 2002), also called the Eastern Europe pattern (EE)
(Wibig, 1999) or the EU2 (Barnston and Livezey, 1987). The EA/WR consists of four
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main anomaly centres located over British Isles and Central North Atlantic (EA), North
Black-Caspian Sea and Northern China constituting meridional flows. Physical mech-
anisms responsible for the EA-WR trend are not fully understood, but there is a corre-
lation between negative phases of both the EA/WR and the NAO (Feldstein, 2000). A
negative EA/WR brings moist air to the North-Western and South-Eastern European5

shores but it does not affect the study region significantly (Wibig, 1999). Possible varia-
tions in time of the latitudinal distribution of precipitation in the North Atlantic-European
region, such as the one observed in the Iberian Peninsula with respect to its southern
neighbor during the LIA, could be mainly triggered by zonal (AO/NAO-like) rather than
meridional atmospheric circulation.10

The MCA-LIA transition has been suggested to experience a shift from positive to
negative index of the AO/NAO-like (Trouet et al., 2009). This implies a southward
migration of the North Atlantic/West European storm tracks leading to a gradual pre-
cipitation increase in Iberia. This gradual displacement to the south can explain the
earlier MCA-LIA transition in the Iberian Peninsula (prior AD 1250) in comparison with15

Morocco (AD 1250–1450) (Esper et al., 2007) (Fig. 3f,g). Accepting predominance
of a negative NAO mode during the LIA, a possible explanation for less precipitation
in the study site since AD 1250 might be the southernmost position of the rain belt –
southern of the Cazorla latitude –, which points to a NAO excursion outside the obser-
vational range. The atmospheric circulation during the 2009/2010 winter – the most20

negative NAO recorded in the instrumental series –, situated the rain band between
38◦ N and 32◦ N (Fig. 1a). Since this region appears dry in our reconstruction during
the LIA we assume that the mean position of the rain belt was located even 2◦ further
south (300 km). A comparable observation has been made for the Intertropical Con-
vergence Zone (ITCZ) in the Atlantic (∼5◦ south) (Haug et al., 2001) and the Pacific25

oceans (∼500 km south of the modern position) (Sachs et al., 2009) during the same
time interval; and for the polar front in the North Atlantic regions implying a reduction of
the Meridional Overturning Circulation (Sicre et al., 2008). This coincidence suggests
coherent changes of atmospheric circulation on a hemispheric scale (tropical, mid and
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polar-circulation), likely induced by a common forcing. The migration of the ITCZ has
been related to a reduction in the solar irradiance at AD 1400 until 1850 (Haug et al.,
2001; Sachs et al., 2009). The Cazorla data further suggests a solar-climate link at
inter-decadal timescale since the two driest stages described from the Cazorla archive
during the LIA (Figs. 2 and 3) and interpreted as extreme negative NAO coincide with5

the Maunder and the Dalton minima.
A stronger negative excursion of the NAO during the LIA beyond the 20th century

range (e.g winter 2009/10) is further supported by following scenarios: (1) solar irradi-
ance during the LIA might have been lower than observed today (Shapiro et al., 2011);
(2) high volcanic activity coinciding with the solar minima during AD 1400–1850 might10

have contributed to a further southward displacement of North Atlantic mid-latitude
storm tracks (Haigh et al., 2005); (3) anthropogenic CO2 forcing might have caused
a northward displacement of the range of migration of the storm tracks associated to
mid-latitude westerlies during the instrumental period of the NAO index (Chen et al.,
2008; Bender et al., 2011).15

6 Conclusions

The Pinus nigra subsp. salzmannii (Dunal) forest from the Natural Park of Sierra de
Cazorla, Segura y las Villas (37◦ N) provides the first tree ring-proxy precipitation re-
construction of the Little Ice Age (LIA) for Southern Spain that reveals high- to low-
frequency variability. The results show a decrease in the mean values of precipita-20

tion during the cooling episodes of the LIA and “drought stages” coinciding with the
Maunder and Dalton solar minima. Moreover, this hydrological pattern over South-
western Europe is opposite to that observed in Northwestern Africa (Morocco) sug-
gesting a different spatial distribution of the precipitation that observed in the instru-
mental record. This unusual situation might be explained by a solar-induced extreme25

NAO excursion and consequently a displacement of the storm tracks of 2◦ further
south of the instrumental range. We suggest that the relationship between atmospheric
circulation patterns and climate-proxy might not be stable in time; and the consideration
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of changes in the geographical distribution of precipitation in climate models recon-
structing the NAO could influence on simulations.
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Table 1. Calibration-verification statistics for the precipitation reconstruction based on stable
carbon isotope (δ13C). r2 is the coefficient of determination; robs−pred is the correlation between
the real and the predicted values and RE is the reduction of error.

Tree-ring Seasonal Calibration 1 Verification 1 Calibration 2 Verification 1
proxy variable (1901–1953) (1954–2006) (1954–2006) (1901–1953)

r2
1 robs−pred1 RE1 r2

1 robs−pred2 RE2

δ13C Jun–Sep 20.9% 0.46 0.19 17.1% 0.41 0.15
precipitation
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Fig. 1. (a) Winter precipitation deviations (mm month−1) from their long-term mean in the North
Atlantic European region observed in three winters. Top, in 2009/2010 with the most negative
observed value of the NAO index since 1821; bottom left, in 1987/1988 with a NAO index
close to zero; bottom right, in the winter 1988/1989 with one of the highest observed NAO
index. Precipitation data are from the NCEP/NCAR meteorological reanalysis. (b) Cazorla site.
(c) Pinus nigra subsp. salzmannii (Dunal) forest in Cazorla. (d) Monthly average precipitation
distribution in Andalusia expressed as percentages. Resource: Andalusia Government.
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Fig. 2. Stable carbon isotope chronology from Cazorla Site (δ13C). (a) Time-span of the in-
dividual trees (grey lines) and the pool chronology (black line). Discontinuous line indicates
measurements every five year, while continuous line indicates annual resolution. (b) Plot of
the individual series (grey) and the pool chronology (black). (c) Final chronology with annual
resolution resulting from the combination of the individual series and the pool chronology.

4167

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 3. (a) Monthly correlation coefficients between climate and tree-ring stable carbon isotope
ratios (δ13C) from Cazorla (NCZ) for the period July of the previous year (t−1) to October of the
current year (t). δ13C chronology with CRU TS3.0 database. Grey bars indicate correlation with
precipitation and white bars with temperature. Dashed lines indicate 95% significance level;
(b) spatial field correlation with the CRU-TS3 gridded precipitation data and δ13C, performed
using KNMI Climate Explorer (Oldenborgh et al., 2004). Period of analysis: 1901–2006; (c)
calibration-verification trials of δ13C and June to September precipitation using the split-period
method and applying regression techniques. Black line represents values estimated by regres-
sion and blue line June to September precipitation; (d) comparison between total (orange line)
and summer season (blue line) precipitation during the 20th century.
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Fig. 4. (a) June to September precipitation anomalies reconstruction based on tree-rings from
Cazorla site. Shaded area represents the uncertainty related to the calibration model used for
reconstruction and the regression parameter. Smoothing with a 21-yr filter; (b) solar activity ex-
pressed as δ14C (per mile). Resource: http://www.radiocarbon.org/IntCal04%20files/intcal04.
14c.
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Fig. 5. Caption on next page.
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Fig. 5. Southern Europe and Northern Africa precipitation proxy records during the last 900 yr.
(a, b) Periods of rogation ceremonies praying for rain (Barriendos, 1997; Domı́nguez-Castro
et al., 2010); (c) paleflood reconstruction from Taravilla Lake (adapted from Moreno et al.,
2008) and (d) paleoflood reconstruction from Guadalentin River (Benito et al., 2010). The
horizontal dotted line marks the threshold above which flood are considered exceptionally; (e)
detrital input into the Zoñar Lake as reflected by Ti intensities in counts per second (cps) as a
indicator of precipitation in Southern Spain (adapted from Martin-Puertas et al., 2011); (f) tree
ring-based precipitation reconstruction in the Cazorla region (this study) and (g) tree ring-based
PDSI index for Morocco smoothed with a 20-yr filter and expressed as z-score (Esper et al.,
2007). Blue stars show radiocarbon dates used for each depth/age model.
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