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Abstract. The Ras Umm Sidd coral §**O record from the northern Red Sea
(Felis et al., 2000) is the northernmost centuries-long coral time series that is currently
available in seasonal resolution (1750-1995 AD). Here we investigate climate patterns
associated with the coral §'80 time series separately for boreal winter and summer, using
instrumental and reconstructed climate fields for the European-Middle East region.
The winter coral 680 record is associated with dominant modes of sea level pressure,
temperature and precipitation variability in the European-Middle East region, which
reflect the Arctic Oscillation/North Atlantic Oscillation (AO/NAO) phenomenon. The
summer coral 80 record is associated with an atmospheric pattern having its main
center of action over southwestern Scandinavia/northern Great Britain. The connection
between these large-scale atmospheric circulation patterns and the coral time series was
stable during the past 250 years. During winter, eastern Mediterranean/Middle East
climate, as reflected in the coral 6'®0 record, is strongly controlled by the AO/NAO. In
contrast, large-scale atmospheric circulation processes over the European-Middle East
region are relatively less important for northern Red Sea climate during summer. The
results suggest a high potential for seasonally resolved proxy records derived from fossil
corals of the northern Red Sea to provide information on winter and summer climate
patterns of the Middle East-European region for time intervals of the Holocene epoch

or the last interglacial period.



1. Introduction

The northern Red Sea is an exceptionally northern site of coral reef growth, located
at a latitude of 28-29° North. In the context of understanding the natural climate
variability of the eastern Mediterranean/Middle East region and Europe during the
past, proxy records derived from annually banded reef corals of the northern Red Sea
play an important role (Felis et al., 2000; Rimbu et al., 2001; Rimbu et al., 2003;
Felis et al., 2004). This narrow, desert-surrounded ocean basin is strongly influenced
by mid-latitude continental climate (Rimbu et al., 2001; Rimbu et al., 2003), and is
very sensitive to atmospheric processes owing to a relatively weak stratification of the
water column (Felis et al., 1998; Eshel et al., 2000). Subsequent studies have noted
the potential of northern Red Sea corals for documenting climate variability over the
Mediterranean basin and the European-Atlantic sector (Pauling et al., 2003; Paz et al.,
2003; Greatbatch et al., 2004; Tourre et al., 2004; Hall et al., 2005; Kondrashov et al.,
2005; Luterbacher et al., in press).

Massive, annually banded corals from the surface waters of the tropical and
subtropical oceans provide a seasonally resolved archive of past climate variability.
Isotopic and elemental tracers, incorporated into the carbonate skeletons of these corals
during growth, provide proxies of past environmental variability of the surface ocean
(e.g., Felis and Patzold, 2004). A coral record from Ras Umm Sidd near the southern tip
of the Sinai Peninsula (northern Red Sea) is the northernmost centuries-long coral time

series that is currently available in seasonal resolution, covering the period 1750-1995



AD (Felis et al., 2000). This time series is based on measurements of oxygen isotopes
(6'80) in the skeleton of a single coral colony (Porites sp.). Coral 6'®O provides a proxy
for the temperature and the 580 of the ambient seawater at the time of coral growth,
with the latter being related to the hydrologic balance. Coral 6*20 is inversely related
to temperature and positively related to salinity variations.

The Ras Umm Sidd coral §'¥0 record was shown to reflect variations in regional
sea surface temperature (SST) and aridity on interannual and longer timescales, with
varying proportions of these two environmental parameters through time (Felis et al.,
2000). Because coral 6'80 integrates variations in temperature and hydrologic balance,
the record may better represent atmospheric circulation changes throughout the eastern
Mediterranean/Middle East region than proxy records that reflect a single climate
variable. Significant correlations between annually averaged coral 50 and northern
Red Sea gridded SST as well as southeastern Mediterranean station-based temperature,
precipitation, and sea level pressure were reported (Felis et al., 2000). It was shown
that the interannual to decadal variability in the Ras Umm Sidd coral §*%0 record
is strongly linked to large-scale atmospheric climate phenomena such as the North
Atlantic Oscillation (NAO) (Felis et al., 2000) and the Arctic Oscillation (AO) (Rimbu
et al., 2001), consistent with the strong influence of these phenomena on the eastern
Mediterranean/Middle East region (Paz et al. 2003; Touree et al., 2004).

In this study we test whether the spatial patterns of large-scale atmospheric
circulation and SST associated with Ras Umm Sidd coral §**O variability as described

in previous studies (e.g., Rimbu et al., 2001; Rimbu et al., 2004) are consistent



with coral-based patterns in the fields of temperature and precipitation over land.
Furthermore, we test if the spatial climate patterns associated with coral §**O variability
are stable over longer periods, by extending the analyses into the pre-instrumental
period. We focus on the two seasonal extremes in the Ras Umm Sidd coral record, by
separately investigating the coral 60 time series of boreal winter and summer. Recent
work has shown that fossil corals from the northern Red Sea provide a great potential
for seasonally resolved climate reconstructions during time intervals of the Holocene
epoch and the last interglacial period (Felis et al., 2003; Felis et al., 2004). Our detailed
analyses of 'O variability in the modern coral record from Ras Umm Sidd and its
relation to dominant modes of sea level pressure (SLP), temperature and precipitation
variability in the European-Middle East region (hereafter EME region) will improve the
climatic interpretation of proxy records derived from fossil corals of the northern Red
Sea.

The paper is organized as follows. Data and methods are described in section 2. In
section 3 we discuss the spatial patterns of atmospheric circulation, temperature and
precipitation associated with coral 880 variability during boreal winter. The variability
of the coral 680 record during boreal summer and its associated spatial climate
patterns are investigated in section 4. The asymmetry between the spatial patterns of
atmospheric circulation associated with extreme positive and extreme negative values in
both the winter and summer coral 6**0O records is discussed in section 5. A discussion

of the results is given in section 6 and the main conclusions follow in section 7.



2. Data and methods

The Ras Umm Sidd coral 680 record from the northern Red Sea published by Felis
et al. (2000) was generated from a living Porites sp. coral drilled in November 1995 near
the southern tip of the Sinai Peninsula (27° 50.9” N, 34° 18.6” E). The coral time series
has a bimonthly resolution and covers the period 1750-1995 AD. Six equally spaced
values per year were derived from linear interpolation of the original coral §**O data of
more than 6 samples per year. The non-cumulative, intra-annual age model error of the
time series is in the order of 2-3 month. The cumulative, inter-annual age model error is
less than 3 years at the bottom of the core (Felis et al., 2000). In this study we analyze
the winter (January-February, JF) and summer (July-August, JA) coral 'O records
derived from the bimonthly time series, covering the common period of 1751-1995.

SLP data were extracted from an updated version of the historical SLP dataset
constructed by Trenberth and Paolino (1980). This dataset is based on a combination
of station-based SLLP observations covering the period 1899 to present. The spatial
resolution of this dataset is 5° latitude x 5° longitude.

Temperature and precipitation data over land are based on a recently published
high resolution (0.5° latitude x 0.5° longitude) dataset developed at the Climate
Research Unit (University of East Anglia) covering the period 1901-2002 (Mitchell and
Jones, 2005). This dataset (CRU TS 2.1) is based on temperature and precipitation
observations at meteorological stations, corrected for inhomogeneities in the station

records.



For the pre-instrumental period, we used reconstructed SLP data covering the area
30°-70° N; 30° W-40° E (Luterbacher et al., 2002). This SLP reconstruction is based on
a combination of early instrumental station series and documentary proxy data from
Eurasian sites. Under the assumption of stationarity in the statistical relationships, a
transfer function derived over the 1901-1990 period was used to reconstruct SLP fields
for the last 500 years over the eastern North Atlantic-European region (5° x 5° latitude
by longitude grid).

The AO index used in this study is defined as the time coefficients associated with
the first EOF of Northern Hemisphere (20° N-90° N) SLP for January-February during
the period 1901-1995, based on the updated dataset of Trenberth and Paolino (1980).
The NAO indices used in this study are based on station data as defined by Jones et
al. (1997) for January-February (NAO-CRU), Hurrel et al. (2003) for December-March
(NAO-H), as well as an improved version of the Gibraltar/Reykjavik NAO index
for January-February (NAO-V) (Vinther et al. 2003a) for the periods 1824-1995,
1864-1995, and 1821-1995, respectively. In addition, we have used two annually resolved
reconstructions of the winter NAO index based on tree-rings (Cook et al., 2002) for
the period 1751-1979 (extended by instrumental data to 1995) and based on §**0 in
Greenland ice cores (Vinther et al., 2003b) for the period 1751-1970.

In this study, the spatial climate patterns associated with variability in the coral
6180 time series are based on conventional linear correlation analysis (von Storch and
Zwiers, 1999). The coral 680 time series was correlated with climate field anomalies

from each grid point and the field of correlation coefficients, referred as correlation map,



was investigated to identify large-scale spatial patterns of significant correlations. The
significance of the correlations was derived using t-test statistics (von Storch and Zwiers,
1999). In addition, the spatial climate patterns associated with variability in the coral
080 time series were compared to spatial patterns associated with dominant modes of
SLP, temperature and precipitation variability over the EME region as derived from
Empirical Orthogonal Function (EOF) analysis (von Storch and Zwiers, 1999).

Finally, the symmetry of the averaged SLP patterns associated with extreme
positive (higher than 0.75*standard deviation) and extreme negative (lower than
-0.75*standard deviation) values of 'O in the coral time series were assessed. The
threshold of 0.75*standard deviation was chosen as a compromise between the strength

of a pattern and its number of realizations.

3. Winter coral 60 variability and associated climate patterns

The Ras Umm Sidd winter coral §'80 record shows a negative linear trend towards
the present. This trend could reflect a tendency towards warmer/less arid winter
conditions in the northern Red Sea since the mid-18th century. Because the climatic
interpretation of long-term trends in coral 6'*O records is problematic (e.g., Felis and
Pétzold, 2004), the linear trend was removed from the coral record prior to statistical
analyses. The detrended winter coral 5O time series reveals pronounced interannual
and decadal variations (Fig. 1). High (low) values in coral §**0O reflect colder/more
arid (warmer/less arid) conditions in the northern Red Sea region (Felis et al., 2000).

Such conditions are associated with various regional and global atmospheric circulation



patterns (Felis et al., 2000; Eshel et al., 2000; Rimbu et al., 2001; Paz et al., 2003;
Rimbu et al., 2003; Felis et al., 2004; Rimbu et al., 2004; Tourre et al., 2004).

The correlation map for the winter coral 6*¥0 record and winter SLP fields over the
EME region during the period 1901-1995 shows significant positive correlations (95%
confidence level) over the Mediterranean basin, and significant negative correlations over
northern Europe (Fig. 2a). This spatial pattern strongly resembles that of the dominant
mode of winter SLP variability (EOF1) in this region during the corresponding period
(Fig. 2d). The correlation coefficient betweeen the winter coral §'80 record and the time
coefficients associated with the first EOF of winter SLP variability in the EME region
is +0.33, which is slightly higher than the correlation of coral §**O and the NAO-CRU
index (r=+0.30) during the corresponding period. The winter coral 80 record is best
correlated with the AO index (r=40.35), consistent with the strong influence of the AO
on the climate of the eastern Mediterranean/Middle East (Rimbu et al., 2001; Felis et
al., 2004; Touree et al. 2004). Furthermore, the time coefficients associated with the
first EOF of winter SLP in the EME region are slightly higher correlated with the AO
index (r=+0.82) than with the NAO-CRU index (r=+0.78).

The winter coral 680 record is significantly negative correlated with winter
temperature over land in the southern and eastern Mediterranean region during the
period 1901-1995 (Fig. 2b). The highest negative correlations occur over the Sinai
Peninsula and northern Arabia, consistent with the site of coral collection near the
southern tip of the Sinai Peninsula as well as with the inverse relationship between

coral 680 and temperature. Significant positive correlations occur over northern
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Europe. This spatial pattern strongly resembles that of the dominant mode of winter
temperature variability (EOF1) in the EME region during the corresponding period
(Fig. 2e). The correlation between the winter coral 80 record and the time coefficients
associated with the first EOF of winter temperature variability in the EME region is
+0.40. EOF1 of EME winter temperature variability is also significantly correlated with
the NAO-CRU index (r=+0.86) and the AO index (r=-+0.79).

The correlation map for the winter coral §**O record and winter precipitation
over land shows an alternating spatial pattern with positive correlations over northern
Europe, negative correlations over southern Furope and positive correlations south of the
Mediterranean Sea during the period 1901-1995 (Fig. 2c). However, areas of significant
correlations only occur over central/southwestern Scandinavia, Scotland, western
France, Iberia, Italy, the Balkan, southwestern Turkey and Algeria/Tunisia/Libya. No
significant correlation occurs with local precipitation, owing to the negligible amounts of
winter precipitation in the arid northern Red Sea region (Felis et al., 2000). The spatial
pattern resembles that of the second EOF of winter precipitation variability in the EME
region during the corresponding period (Fig. 2f). The correlation between the winter
coral 6*0 record and the time coefficients associated with the second EOF of winter
precipitation variability in the EME region is +0.35. EOF2 of EME winter precipitation
variability is significantly correlated both with the NAO-CRU index (r=+0.69) and
the AO index (r=+0.67). The first EOF of EME winter precipitation variability shows
pronounced anomalies over northeastern Europe and south of the Caspian Sea (Fig.

3). The time coefficients associated with EOF1 are not significantly correlated with the
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winter coral 680 record (r=+0.09).

The spatial SLP, temperature and precipitation anomaly patterns associated with
the winter coral 6'®O record are physically consistent. Positive (negative) SLP anomalies
over the Mediterranean basin are associated with advection of colder (warmer) air from
southeastern Europe (northeastern Africa) to the northern Red Sea region, inducing
negative (positive) SST anomalies. The negative (positive) SST anomalies are recorded
as positive (negative) §*O anomalies in the coral skeleton (Felis et al., 2000). Through
this physical mechanism, the coral 680 record is connected to the dominant modes of
SLP, temperature and precipitation variability of the EME region during winter. These
modes are related to large-scale atmospheric phenomena such as NAO and AO, as
suggested in previous studies (Felis et al., 2000; Rimbu et al., 2001).

In order to evaluate the stability of the large-scale atmospheric circulation pattern
associated with winter coral §'80 variability beyond the instrumental period we
constructed a correlation map for the period 1751-1995, using reconstructed SLP fields
for the region 10° W-40° E; 30° N-70° N (Fig. 4a). The spatial pattern strongly
resembles the corresponding correlation pattern based on instrumental data (Fig. 2a)
as well as the spatial pattern associated with the first EOF of winter SLP variability
during the period 1751-1995 (Fig. 4b). The correlation between the winter coral 6'%0
record and the time coefficients associated with the first EOF of winter SLP variability
during 1751-1995 is +0.35. This demonstrates that the connection between the winter
coral 60 record and the dominant mode of winter atmospheric circulation variability

over the EME region was stable during the entire 1751-1995 period.
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To better assess the stability of the connection between winter climate in the
eastern Mediterranean/Middle East region, as reflected by the coral record, and the
North Atlantic-European realm we present correlation coefficients between winter coral
080 and various long time series of NAO indices. The winter coral §'%0 record is
significantly correlated with the NAO-CRU index (Jones et. al., 1997) (r=+0.29) for
the period 1824-1995, the NAO-H index (Hurrel et al., 2003) (r=+0.35) for the period
1864-1995, and the NAO-V index (Vinther et al., 2003a) (r=+0.29) for the period
1821-1995. The winter coral 6*¥0 record is also significantly correlated with a tree-ring
NAO index reconstruction (Cook et al., 2002) (r=+0.17) for the period 1751-1995 and
an ice core 60 NAO-index reconstruction (Vinther et al., 2003b) (r=+0.25) for the

period 1751-1970.

4. Summer coral §'%0 variability and associated climate

patterns

Similar to the winter coral time series, a negative linear trend towards the present
evident in the Ras Umm Sidd summer coral 6'¥0 record was removed prior to statistical
analyses (see also section 3). The detrended summer coral §'80 time series reveals
pronounced interannual and decadal variations (Fig. 5).

The correlation map for the summer coral §*¥0 record and summer SLP fields
over the EME region during the period 1901-1995 shows significant positive correlations

(95% confidence level) over southwestern Scandinavia and northern Great Britain (Fig.
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6a). In the eastern Mediterranean-Black Sea/Caspian Sea region the correlation reveals
a dipolar spatial pattern that is consistent with an adection of relatively cold air to
the northern Red Sea. The correlation map for the summer coral 580 record and
summer temperature over land during the period 1901-1995 shows significant negative
correlations along the western margin of the northern Red Sea and large parts of
northeastern Africa (Fig. 6b), consistent with the site of coral collection near the
southern tip of the Sinai Peninsula as well as with the inverse relationship between coral
080 and temperature. Positive but non-significant correlations with temperature occur
north of 45° N. The correlation map for the summer coral 580 record and summer
precipitation over land during the period 1901-1995 shows small-scale features over the
EME region, possibly reflecting local phenomena such as convection or orographic waves
(Fig. 6¢). No significant correlation occurs with local precipitation, consistant with the
fact that it does not rain in the arid northern Red Sea region during summer (Felis et
al., 2000). Clearly, it is evident that large-scale atmospheric circulation processes are
less important in explaining the coral §'¥0 variability during summer compared to the
winter season.

In order to evaluate the stability of the large-scale atmospheric circulation pattern
associated with summer coral §*¥QO variability beyond the instrumental period we
constructed a correlation map for the period 1751-1995, using reconstructed SLP fields
for the region 10° W-40° E; 30° N-70° N (Fig. 7a). The spatial pattern strongly
resembles the corresponding correlation pattern based on instrumental data (Fig. 6a),

and has similarites to the spatial pattern associated with the second EOF of summer
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SLP variability during the period 1751-1995 (Fig. 7b). The correlation between the
summer coral 680 record and the time coefficients associated with the second EOF
of summer SLP variability during 1751-1995 is 40.35. This demonstrates a stable
connection between the summer coral 680 record and its associated spatial pattern of
summer SLP variability over the EME region observed during the instrumental period
(1901-1995) for the entire 1751-1995 period. This spatial pattern is also captured by the
second EOF of summer SLP variability in this region during the corresponding period.
The summer coral §**O record and the time coefficients associated with the first EOF
of summer SLP variability (Fig. 8) are not significantly correlated during the 1751-1995
period (+0.07).

In contrast to the winter season, EOF analyses of instrumental temperature
and precipitation variability over the EME region during summer do not reveal any
dominant, stable EOFs. However, for SLP the spatial patterns associated with the first
and second EOF of summer variability during the instrumental period (not shown) are
very similar to those associated with the corresponding EOF1 and EOF2 for the entire
1751-1995 period (Fig. 7b, 8), but their associated time coefficients are not significantly

correlated with the summer coral §'80 record during 1901-1995.

5. Asymmetry of associated climate patterns

In the previous sections we investigated the spatial climate patterns associated with
Ras Umm Sidd coral 6**0 variability during winter and summer using linear methods.

Here we apply composite analysis, which is a nonlinear operation, in order to investigate
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the asymmetry of the atmospheric circulation patterns associated with the coral record
during these two seasons.

The SLP anomaly patterns associated with extreme positive (Fig. 9a) and extreme
negative (Fig. 9b) winter coral 6’0 anomalies are consistent with the physical
mechanism that connects large-scale atmospheric circulation and the coral record from
the northern Red Sea, as described in section 3. Extreme positive (negative) anomalies in
the winter coral §'®0 record are associated with enhanced advection of colder (warmer)
air from southeastern Europe (northeastern Africa) to the northern Red Sea. However,
the two spatial patterns show some degree of asymmetry. The pattern associated with
extreme positive winter coral 6'*0 anomalies (Fig. 9a) shows two centers of action, one
over northeastern Europe and one over southwestern Europe. In contrast, the spatial
pattern associated with extreme negative winter coral §'*O anomalies (Fig. 9b) shows
a more zonal extension, especially over northern Europe. A simple visual inspection of
the SLP anomaly maps averaged in the composite analysis reveals that 8 (10) out of 15
(26) SLP maps associated with extreme positive (negative) winter coral §**O anomalies
are similar to the maps represented in Fig 9a (9b). Based on this simple approach, the
spatial climate pattern associated with extreme positive winter coral 6'*¥0 anomalies
seems to be more robust than the pattern associated with extreme negative winter coral
680 anomalies. However, more rigorous significance tests are neccessary in order to
obtain a quantitative measure of the robustness of the atmospheric circulation patterns
associated with positive/negative extremes in the winter coral §'*0 record.

Similar to the winter season, the SLP anomaly patterns associated with extreme
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positive (Fig. 9¢) and extreme negative (Fig. 9d) summer coral §'80 anomalies show
some degree of asymmetry. Visual inspection of the SLP anomaly maps averaged in
the composite analysis (19 for extreme positive and 17 for extreme negative summer
coral §'80 anomalies) reveals a high degree of variability. Only a small number of
maps resemble the patterns represented in Figs 9c¢ and d. This suggests that large-scale
atmospheric circulation is less important in explaining the coral 580 variability during

summer compared to the winter season, consistant with the results presented in section

4.

6. Discussion

We have shown that both the winter and the summer time series of the bimonthly
resolved Ras Umm Sidd coral §'80 record from the northern Red Sea published by
Felis et al. (2000) provide information on regional climate variability over the eastern
Mediterranean/Middle East region as well as on large-scale climate patterns over the
European-Middle East region. The results are consistent with previous work on this
coral record from the northern Red Sea (Felis et al., 2000; Rimbu et al., 2001; Rimbu et
al., 2004).

The winter coral 680 record is associated with the dominant modes of SLP,
temperature and precipitation variability during the instrumental period (1901-1995) in
the EME region (Fig. 2). These modes are representative of the AO/NAO phenomenon
in the atmosphere, and its associated spatial signatures in the temperature and

precipitation fields over the region during winter. By using reconstructed SLP fields for
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the pre-instrumental period, we could show that the connection between the winter coral
6180 record and the AO/NAO was stable during the past nearly 250 years (1751-1995)
(Fig. 4). Correlations with AO/NAO indices as well as SLP fields suggest that eastern
Mediterranean/Middle East winter climate, as reflected in the winter coral §'%0 record,
is stronger linked to the AO compared to the NAO, consistent with earlier findings
(Rimbu et al., 2001).

On a regional scale, high and significant correlations occur between the winter coral
6180 record and temperature over the Sinai Peninsula and northern Arabia during the
period 1901-1995 (Fig. 2b), consistent with significant correlations between coral 6'*0
and gridded SST in the northern Red Sea reported earlier (Felis et a., 2000, Rimbu et
al., 2004).

On a regional scale, positive but weak (non-significant) correlations occur between
the winter coral 6'¥0 record and precipitation along the southeastern margin of the
Mediterranean Sea (Fig. 2c¢). The sign of the correlation is not consistent with the
generally inverse relationship between coral 6**0O and local precipitation. However,
this observation is consistent with earlier findings that colder/more arid conditions
in the northern Red Sea, which are documented as high coral §'%0 anomalies, are
associated with increased precipitation at stations along the southeastern margin of the
Mediterranean Sea (Felis et al., 2000). During such conditions, which occur during the
AO/NAO high-index state, the total amount of precipitation that reaches the northern
Red Sea from the North is negligible (Felis et al., 2000), and other processes such as

enhanced evaporation in the northern Red Sea due to lower troposheric subsidence play
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a role (Eshel et al., 2000). Paradoxically, such conditions are associated with decreased
precipitation in Turkey (Felis et al., 2000). This spatial anomaly pattern is associated
with the second EOF of winter precipitation in the EME region (Fig. 2f).

During the instrumental period (1901-1995), the summer coral §80 record is
associated with an atmospheric circulation pattern over the EME region that consists
of a wave train, with the main center of action located over southwestern Scandinavia
and northern Great Britain (Fig. 6a). By using reconstructed SLP fields for the
pre-instrumental period, we could show that the connection between the summer coral
0180 record and this atmospheric circulation pattern was stable during the past nearly
250 years (1751-1995) (Fig. 7a). This spatial pattern has similarities to that associated
with the second EOF of summer SLP variability in the EME region during the period
1751-1995 (Fig. 7b). This finding is consistent with the work of Xoplaki et al. (2003)
who showed that summer temperature variability in the Mediterranean region is related
to wave trains emanating from the North Atlantic. It was shown that intrusions of
cold air in upper atmospheric levels that derive from a jet stream meandering between
high and low geopotential height anomalies of alternating sign, which extend from the
southeast of Greenland to the Caspian Sea, are associated with positive (negative)
temperature anomalies over the central and eastern (western) Mediterranean region
(Xoplaki et al., 2003).

Significant correlations between the summer coral 6**O record and temperature
only occur on a regional scale, along the western margin of the northern Red Sea

and large parts of northeastern Africa during the period 1901-1995 (Fig. 6b). This
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finding is consistent with significant correlations between coral §**O and gridded SST
in the northern Red Sea reported earlier (Felis et a., 2000, Rimbu et al., 2004). No
clear relationship between the summer coral 60 record and regional or large-scale
precipitation is observed.

In addition, the atmospheric circulation patterns associated with extreme values
of coral 50 both in the winter and in the summer record are not entirely symmetric.
For the winter coral 60 record, the spatial pattern associated with extreme positive
(negative) coral §'80 values projects well on the high-index (low-index) NAO regime as
decribed by Cassou et al. (2004). For the summer coral §'0 record, the results show a
high degree of variability.

The large-scale atmospheric circulation pattern over the EME region associated with
the summer coral 880 record is less well developed and less stable than that associated
with the winter coral 'O record. During winter, eastern Mediterranean/Middle East
climate, as reflected in the coral 6**O record from the northern Red Sea, is strongly
controlled by the AO/NAO phenomenon. In contrast, during summer large-scale
atmospheric circulation processes are less important for northern Red Sea climate
variability, albeit a connection to an atmospheric anomaly pattern with the main center

of action over southwestern Scandinavia/northern Great Britain is observed.

7. Conclusions

This study shows that seasonally resolved coral %0 records from the north-

ern Red Sea provide information on regional climate variability in the eastern
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Mediterranean/Middle East, as well as on large-scale climate variability over the
European-Middle East region for both the winter and the summer season. The
association between the Ras Umm Sidd coral 680 record and the dominant mode of
atmospheric variability over the European-Middle East region during winter (Arctic
Oscillation/North Atlantic Oscillation) and during summer was stable over the past 250
years.

In addition, this study shows that such coral records could be used to obtain
information about the frequency of weather regimes in the North Atlantic realm during
the pre-instrumental period, in order to put the variability of these regimes as derived
from observational data (e.g., Cassou et al., 2004) into a long-term context.

The results suggest that seasonally resolved proxy records derived from fossil corals
of the northern Red Sea have a great potential to provide information on winter and
summer climate patterns in the Middle East-European region for time intervals of the

Holocene epoch and the last interglacial period (e.g., Felis et al., 2004).
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Figure 1. The winter coral 60 time series of the bimonthly resolved Ras Umm Sidd
coral record from the northern Red Sea published by Felis et al. (2000). The lin-
early detrended time series for January-February (JF) is shown (1751-1995 AD). Dashed
lines represent +0.75/-0.75 standard deviations. High (low) values in coral 80 reflect
colder/more arid (warmer/less arid) conditions in the northern Red Sea (Felis et al.,

2000).

Figure 2. The correlation maps for the winter coral §'®0 record and fields of (a) sea level
pressure (SLP), (b) temperature and (c¢) precipitation over the European-Middle East
(EME) region for January-February (JF) are shown. Shaded areas indicate correlations
significant at the 95% confidence level. The corresponding first Empirical Orthogonal
Functions (EOFs) of (d) SLP and (e) temperature, and (f) the second EOF of precipita-
tion over the EME region for JF are also shown. The variance explained by each EOF
is indicated. Prior to the analyses the data were detrended and normalized. The period
is 1901-1995 AD. SLP data are from Trenberth and Paolino (1980), temperature and

precipitation data over land are from Mitchell and Jones (2005).

Figure 3. The first Empirical Orthogonal Function (EOF) of precipitation over the
European-Middle East region for January-February (JF) is shown. The variance ex-
plained by the EOF is indicated. Prior to the analysis the data were detrended and
normalized. The period is 1901-1995 AD. Precipitation data over land are from Mitchell

and Jones (2005).
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Figure 4. (a) The correlation map for the winter coral 6'*0O record and reconstructed
fields of sea level pressure (SLP) over the European-Middle East (EME) region for
January-February (JF) is shown. Shaded areas indicate correlations significant at the
95% confidence level. (b) The corresponding first Empirical Orthogonal Function (EOF)
of reconstructed SLP over the EME region for JF is also shown. The variance explained
by the EOF is indicated. Prior to the analyses the data were detrended and normalized.

The period is 1751-1995 AD. Reconstructed SLP data are from Luterbacher et al. (2002).

Figure 5. The summer coral 680 time series of the bimonthly resolved Ras Umm
Sidd coral record from the northern Red Sea published by Felis et al. (2000). The
linearly detrended time series for July-August (JA) is shown (1751-1995 AD). Dashed
lines represent +0.75/-0.75 standard deviations. High (low) values in coral §'¥0 reflect
colder/more arid (warmer/less arid) conditions in the northern Red Sea (Felis et al.,

2000).

Figure 6. The correlation maps for the summer coral 680 record and fields of (a) sea
level pressure (SLP), (b) temperature and (c) precipitation over the European-Middle
East (EME) region for July-August (JA) are shown. Shaded areas indicate correlations
significant at the 95% confidence level. Prior to the analyses the data were detrended
and normalized. The period is 1901-1995 AD. SLP data are from Trenberth and Paolino

(1980), temperature and precipitation data over land are from Mitchell and Jones (2005).
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Figure 7. (a) The correlation map for the summer coral §'®0 record and reconstructed
fields of sea level pressure (SLP) over the European-Middle East (EME) region for July-
August (JA) is shown. (b) The corresponding second Empirical Orthogonal Function
(EOF) of reconstructed SLP over the EME region for JA is also shown. The variance
explained by the EOF is indicated. Prior to the analyses the data were detrended and
normalized. The period is 1751-1995 AD. Reconstructed SLP data are from Luterbacher

et al. (2002).

Figure 8. The first Empirical Orthogonal Function (EOF) of reconstructed sea level
pressure (SLP) over the European-Middle East region for July-August (JA) is shown.
The variance explained by the EOF is indicated. Prior to the analysis the data were
detrended and normalized. The period is 1751-1995 AD. Reconstructed SLP data are

from Luterbacher et al. (2002).

Figure 9. Sea level pressure (SLP) anomaly patterns associated with (a) extreme posi-
tive and (b) extreme negative values in the winter coral §*®*O record (January-February,
JF). SLP anomaly patterns associated with (c¢) extreme positive and (d) extreme negative
values in the summer coral §**O record (July-August, JA). The threshold for extreme
values is +0.75/-0.75 standard deviations. The period is 1901-1995 AD. SLP data are

from Trenberth and Paolino (1980).
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