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Introduction
The Mediterranean region (including northern Africa) has in recent decades been subject to a
distinctly decreasing precipitation trend, starting in the 1970s (Dünkeloh and Jacobeit 2003,
Xoplaki et al. 2004, Luterbacher et al. 2006). A trend towards wetter winters occurred over the
same time period in northwestern Europe (Jones and Conway 1997, Kiely 1999, Mills 2005).
Winter precipitation in both regions is closely linked to hemispheric circulation patterns (e.g.,
Xoplaki et al. 2004, Pauling and Paeth 2007) and to the North Atlantic Oscillation (NAO) in
particular (Hurrell 1995). Positive NAO winters are characterized by a deeper than normal trough
over Iceland and a higher than normal ridge over the Azores (Fig. 1a), resulting in an anomalously
strong westerly flow, wet conditions over northwestern Europe, and dry conditions in the
Mediterranean. During negative NAO phases, precipitation patterns are effectively inverted, and
the subtropical High, Icelandic Low, and westerly flow are weak (Fig. 1b). The NAO pattern shows
a large amount of interannual variance, but is also variable on decennial time-scales (Van Loon
and Rodgers 1978, Hurrell 1995).

Figure 1: Anomaly (from the 1948-2000 average) composites of January-March 500 hPA patterns of the five
highest (a) and the five lowest (b) NAOI years (1949-2000). Positive anomalies are indicated by full lines,
negative anomalies by dashed lines. Shaded areas reflect significant (p<0.1) differences, calculated using a
Student’s t-test. The locations of the two proxy records from Scotland and Morocco are marked by black
dots.

The co-occurrence of opposing trends in winter precipitation anomalies in northern versus southern
Europe in recent decades has been ascribed to the concomitant dominance of positive winter NAO
modes (Hurrell 1995, Hurrell and Van Loon 1997, Dünkeloh and Jacobeit 2003). To put the recent
multi-decadal precipitation trend in a historical context, long-term analysis of regional precipitation
variability is needed. The use of proxy climatic data provides a mean to extend precipitation
records back in time and thus to analyse past precipitation anomalies (e.g., Luterbacher et al.
2006).
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In this paper, we combine a millennium-long speleothem-based precipitation proxy from Scotland
(Proctor et al. 2000) with a tree-ring based drought reconstruction from Morocco (Esper et al. in
press). The location of the two proxies in core regions of the European/NW-African precipitation
dipole, and near the centers of action of the NAO (Fig. 1), allows for testing the temporal stability of
spatial climate patterns and the prevailing hemispheric circulation patterns controlling them.
Data
The Morocco drought reconstruction
A 953-year long (1049-2002) tree-ring chronology was developed based on ring-width data from
178 Cedrus Atlantica trees from the Atlas Mountains in Morocco (Esper et al. in press). A
combination of Regional Curve Standardization (Esper et al. 2003a), regular normalization (Esper
et al. 2003b), and individual standardization (Fritts 1976) was applied to preserve multi-decadal
and multi-centennial variability. This tree-ring chronology was used in a linear regression model to
reconstruct February-June Palmer Drought Severity Index (PDSI; Palmer 1965) variability. PDSI is
a standardized measure of surface moisture conditions with limited seasonality. The resulting
reconstruction is therefore a good representation of winter drought conditions. The decreasing
precipitation trend since the 1970s, as recorded in regional observational station data (Knippertz et
al. 2004), is fully retained in the reconstruction (Fig. 2).
The Scotland precipitation reconstruction
An actively growing stalagmite from a cave in NW Scotland provided a 1100-year long (900-1993)
precipitation proxy (Proctor et al. 2000). The continuous, annual luminescent bands formed by
organic matter in the stalagmite, allowed for precise determination of growth rate variations.
Growth rates were found to be controlled by precipitation variability, and annual band width data
were used to reconstruct winter precipitation over the last millennium. The resulting reconstruction
proved to be highly sensitive to multi-decadal variations in NAO over the instrumental period
(1865-1990; Proctor et al. 2000).
Large-scale geopotential height patterns
For the instrumental period, we used an extended version of the traditional winter NAO index,
which is defined as the normalized pressure difference between the Azores and Iceland (Hurrell
1995). This extended version of the index (back to 1824) was developed by including data from
Gibraltar and Stykkisholmur (Jones et al. 1997).
To investigate long-term associations of the proxy records with atmospheric circulation patterns,
we applied composite map analysis. This non-linear method captures the possible asymmetric
character of the associations (Rimbu et al. 2006). We used reconstructed (1659-2001) fields of
monthly 500 hPA geopotential height, developed by Luterbacher et al. (2002). The years of most
positive (95th percentile) and most negative (5th percentile) difference in precipitation between
Scotland and Morocco were identified and the respective geopotential height data averaged for
these sets of extreme years. The significance of the differences in composite climatic conditions
between extreme years was determined using a Student’s t-test (Brown and Hall 1999).
Results
The contrasting moisture conditions since the 1970s in northwestern Europe (wet) and
northwestern Africa (dry) are reflected in the drought reconstructions from Scotland and Morocco
(Fig. 2).
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Figure 2: Decadal scale variance in Morocco PDSI and Scotland precipitation. Series were computed from
10-year, non-overlapping averages, and then smoothed using a cubic spline for presentation (unsmoothed
values used in correlation analysis).

Multi-decadal variations of both reconstructions are characterized by quasi-regular occurrences of
contrasting conditions over the last millennium. Contrasting moisture conditions were particularly
strong during the Medieval Warm Period (MWP; 1000-1350), the 18th century and since the 1940s
(Fig.2). The reconstructions contain substantial multi-decadal scale variability that was shown to
correlate negatively (r=-0.26; p<0.05) using sequential 10-year non-overlapping means.
The NAO influence on the contrasting precipitation regimes was investigated by calculating the
difference between the standardized, decadally smoothed Scotland and Morocco time series. This
residual series (MSres) was then correlated with the NAOI over the instrumental period (18241993), revealing rather strong and positive correlations (r=0.75, p<0.01; Fig. 3).

Figure 3: Interdecadal variation in MSres and NAOI. Series were standardized and smoothed using a 10year moving average.
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Positive MSres values correspond to positive NAO phases, and vice versa. While MSres followed
the NAOI closely from 1850 onwards, substantial differences were found over the 1824-1850
period during which the Gibraltar/Stykkisholmur series showed higher values.
The reconstructed (1659-2001) geopotential height fields (Luterbacher et al. 2002) provide a test
bed to study NAO influence on precipitation patterns over longer time-scales. Reconstructed
geopotential height anomalies during the most positive MSres years (Fig. 4a) closely reproduce
positive NAO geopotential height patterns over Europe, as derived from observational pressure
data (1949-2000; Fig. 1a). The Icelandic Low is deeper than usual and a strong ridge prevails over
the Azores and the whole Mediterranean. Reverse geopotential height conditions characterize
strongly negative MSres years (Fig. 4b), as was the case in the late 18th century, when a
consistent anomalously high Icelandic Low resulted in a reduced pressure gradient between the
Icelandic Low and the Azores High (typical for a negative NAO phase; Fig. 1b) and weakened
westerlies across the North Atlantic (Fig. 4b). During this period drier and cooler than normal
winter conditions prevailed over northwestern Europe, while warmer and wetter winters occurred in
the Mediterranean (Fig. 2).

Figure 4: Anomaly (from the 1659-2000 average) composites of January-March 500 hPA patterns of the 5%
highest (a) and the 5% lowest (b) values in MSres. Positive anomalies are indicated by full lines, negative
anomalies by dashed lines. Shaded areas reflect significant (p<0.1) differences, calculated using a t-test.

Discussion
Combination of two drought-sensitive, millennium-long climate proxies from western Europe and
northwestern Africa revealed potential to reconstruct extreme, decadal scale NAO phases over the
past millennium.
The decadal resolution of the speleothem record from Scotland restricts our analysis to a multidecadal time-scale, which corresponds to the dominant frequency domain of the NAO (6-10 years;
Hurrell and Van Loon 1997). A combination of the two proxies, which are located near the
prevailing centers of action of this dipole, closely reflects the decadal scale NAO variability over
most of the instrumental period (Fig. 3). This association was weak, however, over the early
observational data period (1824-1850).
The proxy combination shows a strong moisture contrast between Scotland and Morocco since the
1970s, corresponding to the concomitant highly positive NAO phase. Additionally, the high index
phase from the turn of the 20th century until the 1930s (Hurrell 1996) and the minimum in the 1960s
(Hurrell and Van Loon 1997) are well captured in the proxy record. Periods of contrasting moisture
conditions over Europe were also associated with NAO-like geopotential height patterns over
longer time-periods (Fig. 4).
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Our results indicate that the strong moisture contrast between Scotland and Morocco since the
1970s is not exceptional within the millennium-long context provided by the reconstructions (Fig. 2)
and multi-decadal and multi-centennial contrasting periods have occurred regularly over the last
millennium. Reconstructed precipitation over Scotland was consistently high through much of the
MWP, whereas several periods of low precipitation occurred during the subsequent Little Ice Age
(LIA; ca. 1500-1850). The Morocco proxy record, in contrast, is characterized by persistent
medieval drought and LIA moistening. The MWP-LIA fluctuations in the isotopic signature of a
speleothem in the central Alps (Mangini et al. 2005), suggest changes in the strength of winter
westerlies across northern Europe, associated with a NAO phase shift (Graham et al. 2007). The
centennial-scale moisture fluctuations resulting from this shift, as well as the contrasting moisture
conditions in recent decades, co-occurred with moisture anomalies around the globe (Hoerling and
Kumar 2003, Cook et al. 2007, Seager et al. 2007). The global character of this centennial-scale
hydroclimatic variability implies forcing by fluctuating global ocean-atmosphere states (Seager et
al. 2007). A persistently positive NAO in the Medieval period could be teleconnected with prevailing
La Niña-like conditions in the tropical Pacific (Graham et al. 2007), which in turn could arise as a
result of positive radiative forcing and reduced volcanic activity (Cook et al. 2007). Model
simulations further suggest that a switch in radiative forcing could be a contributing factor in the
long-term shift in NAO phase between the MWP and the LIA (Shindell et al. 2003).
Our combined millennium-long proxy record reflects extreme NAO phases accurately on a multidecadal to multi-centennial time-scale. By combining two drought proxies with opposite long-term
trends, we link long-term fluctuations in European winter precipitation patterns to variations in
large-scale circulation, which may help to improve our understanding of the climate system, its
natural variability, and its forcing factors.
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