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Abstract

Climate and ocean variability reconstructed from stable isotope records

of modern subtropical corals (northern Red Sea)

Widespread instrumental c1imate data are available for only about one century and

therefore cannot resolve the full range of interannual-, decadal-, and multidecadal-scale

c1imate variability. Stable isotope records derived from the skeletons of annually banded,

massive corals from the tropical and subtropical reefs can be used to reconstruct the

c1imate variability of the past several hundred years and therefore provide a better

understanding ofthe interaction between the different modes ofthe global c1imate system.

A 245-year (1750-1995) coral oxygen isotope record (8 180) from Ras Umm Sidd

(Egypt) near the southern tip of the Sinai Peninsula (Ras Mohammed National Park) in

the northern Red Sea provides a bimonthly-resolution time series from this subtropical

location (~28°N) at the northern rim of the African-Asian desert belt. The coral 8180_

based sea surface temperatures suggest that mean annual sea surface temperatures

between 1751 and 1900 were ~0.3°C lower than the 20th century average. The coral

record, supported by instrumental and proxy records of c1imate, reveals that during colder

periods on the interannual to interdecadallmultidecadal timescale the northern Red Sea

region is more arid (higher evaporation) whereas the eastern Mediterranean region in the

north is wetter. During warmer periods the northern Red Sea region is less arid (Iower

evaporation) whereas the eastern Mediterranean region is drier. This pattern is explained

by variations in the latitudinal position of the subtropical westerly jet stream, the

associated subtropical high-pressure belt, and therefore the descending branch of the

northern Hadley cell with its subsiding air, as weIl as of the moisture bringing North

Atlantic westerlies which are located in the north of this system. The northern Red Sea is

probably the only site in the wOrld oceans where deep water formation occurs and reef

corals grow. The winter 8180 values of the coral record can be used to detect episodic

events of deep water formation of the Red Sea thermohaline circulation during

anomalously arid and cold winters. Spectral analysis of the coral time series reveals that

both the North Atlantic Oscillation and the EI Nino-Southern OsciIIation phenomenon of

tropical Pacific origin contributed significantly to the c1imate variability of the Middle

East during the past 245 years on interannual to multidecadal timescales. The results

suggest that interaction between extratropical and tropical modes of the global c1imate

system has an important control on subtropical c1imate variability via atmospheric

teleconnections, and that a prominent cooling interval in the first half of the 19th century

evident in several Northern Hemisphere temperature reconstructions can be related to a

70-year c1imate oscillation of most probably NOI1h Atlantic origin, at least for the Middle

East region. The Ras Umm Sidd coral oxygen isotope record (8 180) therefore provides a

valuable source of information on Middle East c1imate and Red Sea ocean history.



The environmental interpretation 01' the stable carbon isotopic variations (eS BC) in the

skeletons 01' massive corals is still a matter 01' debate. A 19-year stable carbon isotope

record (1974-1993) in bimonthly resolution derived from a coral from Eilat (Israel) at the

northern end 01' the Gulf 01' Aqaba (northern Red Sea) documents interannual events 01'
extraordinarily large plankton blooms, indicated by anomalous l3C depletions in the coral

skeleton. These blooms are caused by deep vertical water mass mixing, convectively

driven in colder winters, which results in increased supplies 01' nutrients to the surface

waters. The deep vertical mixings can sometimes be driven by the cooling occuring

throughout the Middle East after large tropical volcanic eruptions. There is evidence in

the coral record for an indirect volcanic signal 01' the eruptions 01' EI Chich6n (Mexico,

1982) and Mount Pinatubo (Philippines, 1991). Deep mixing induced isotopic variations

ofthe dissolved inorganic carbon in the surface waters can be neglected at this location. It

is therefore suggested that the 13C skeletal depletions can be best explained by changes in

the coral's autotrophy-heterotrophy diet, through increased heterotrophie feeding on

zooplankton during the blooms. 11' these conc1usions are substantiated by further work,

seasonal stable carbon isotope records (ö l3 C) 01' corals which change from autotrophy

under normal conditions to increased heterotrophy during bloom events may be used as

indicators 01' ocean paleoproductivity at interannual resolution, available from no other

source.



Zusammenfassung

Climate and ocean variability reconstructed from stable isotope records

of modern subtropical corals

Rekonstruktion der Variabilität von Klima und Ozean anhand von Chronologien

stabiler Isotope aus rezenten subtropischen Korallen (nördliches Rotes Meer)

InstlUmentelle Klimaaufzeichnungen reichen meist nicht weiter als ein Jahrhundert in

die Vergangenheit zurück. Daher können sie auch nicht das gesamte SpektlUm der

zwischenjährlichen, dekadischen sowie der multidekadischen Klimavariabilität auflösen.

Chronologien stabiler Isotope, gewonnen aus jährlich gebänderten massiven Korallen der

tropischen und subtropischen Riffe, bieten die Möglichkeit die Klimavariabilität der

letzten mehreren hundert Jahre zu rekonstlUieren. Sie steuern damit zu einem

umfassenderen Verständnis des Zusammenwirkens der verschiedenen Phänomene des

globalen Klimasystems bei.

Eine 245jährige (1750-1995) Sauerstoffisotopenchronologie (B I80) einer Koralle aus

Ras Umm Sidd (Ägypten) nahe der südlichen Spitze der Sinaihalbinse1 (Ras Mohammed

Nationalpark) im nördlichen Roten Meer wurde erstellt. Diese subtropische Lokation

(~28°N) liegt am nördlichen Rand des afrikanisch-asiatischen Wüstengürtels. Die

Chronologie hat eine zweimonatliche Auflösung. Die vom B180 der Koralle abgeleiteten

Oberflächenwassertemperaturen lassen vermuten, daß die mittleren jährlichen

Oberflächenwassertemperaturen zwischen 1751 und 1900 um etwa 0.3°C geringer waren

als der Durchschnittswert des 20. Jahrhunderts. Die Korallenchronologie, unterstützt von

instlUmentellen und paläoklimatischen Aufzeichnungen zeigt an, daß während kälterer

Perioden die Region des nördlichen Rote Meeres arider (höhere Evaporation) und die

weiter nördlich gelegenere Region des östlichen Mittelmeeres feuchter ist. Während

wärmerer Perioden dagegen ist es im nördlichen Roten Meer weniger arid (geringere

Evaporation) und im östlichen Mittelmeer trockener. Dieses Muster, das sich auf

zwischenjährliche sowie interdekadische/multidekadische Zeiträume bezieht, wird mit

VerändelUngen in der geographischen Breite des subtropischen westlichen Jetstreams

erklärt. Eine wichtige Rolle spielt dabei der mit dem Subtropenjet assoziierte subtropische

HochdlUckgürtel und somit der abwärts gerichtete Zweig der nördlichen Hadley-Zelle mit

seinen absinkenden Luftmassen sowie die nördlich dieses Systems gelegenen

feuchtigkeitbringenden nordatlantischen Westwinde. Das nördliche Rote Meer ist

höchstwahrscheinlich die einzige Lokation in den Weltozeanen an der Korallen wachsen

und Tiefenwasserbildung stattfindet. Die Winter-B I80-Werte der Korallenchronologie

lassen sich dazu benutzen, episodische Ereignisse von Tiefenwasserbildung der

thermohalinen Zirkulation des Roten Meeres zu rekonstlUieren. Diese finden in besonders

ariden und kalten Wintern statt. Spektralanalysen der Korallenzeitreihe zeigen, daß die



Nordatlantische Oszillation als auch das Klimaphänomen der EI Nino-Südlichen

Oszillation, das semen Urspnmg Im tropischen Pazifik hat, signifikant zur

zwischenjährlichen bis multidekadischen Klimavariabilität im Nahen Osten während der

letzten 245 Jahre beisteuerten. Die Ergebnisse zeigen, daß ein Zusammenwirken von

außertropischen und tropischen Phänomenen des globalen Klimasystems über

atmosphärische Fernwirkungen eine wichtige Rolle in der Kontrolle der Klimavariabilität

der Subtropen spielt. Weiterhin kann eine ausgeprägte Kälteperiode, die in mehreren

Temperaturrekonstruktionen der Nordhemisphäre für die erste Hälfte des 19.

Jahrhunderts angezeigt wird, zumindest für die Region des Nahen Ostens auf eine

Klimaoszillation von 70 Jahren zurückgeführt werden. Diese Klimaoszillation hat ihren

Ursprung höchstwahrscheinlich Im Nordatlantik. Die Korallen

Sauerstoffisotopenchronologie (0 180) von Ras Umm Sidd liefert somit wertvolle

Informationen zur Klimageschichte des Nahen Ostens als auch zur ozeanographischen

Geschichte des Roten Meeres.

Die Interpretation des stabilen Kohlenstoffisotopensignals (ol3C) im Skelett massiver

Korallen als Umweltindikator wird noch immer viel diskutiert. Eine 19jährige

Chronologie stabiler Kohlenstoffisotope (1974-1993) einer Koralle aus Eilat (Israel) am

nördlichen Ende des Golfs von Aqaba (nördliches Rotes Meer) mit zweimonatlicher

Auflösung dokumentiert zwischenjährliche Ereignisse außerordentlich starker

Planktonblüten. Diese Ereignisse werden im Korallenskelett durch anomale l3C_

Abreicherungen angezeigt. Die Planktonblüten werden durch eine besonders tiefe

konvektive Durchmischung der Wassersäule in kälteren Wintern verursacht, da diese zu

einer verstärkten Zufuhr von Nährstoffen in das Oberflächenwasser führt. Diese

besonders tiefen Durchmischungsereignisse können manchmal durch eine im Nahen Osten

nach starken tropischen Vulkanausbrüchen auftretende Abkühlung verursacht werden. In
der Korallenchronologie ist ein indirektes Signal der Vulkanausbrüche des EI Chich6n

(Mexiko, 1982) and des Mount Pinatubo (Philippinen, 1991) erkennbar. Änderungen in

der isotopischen Zusammensetzung des gelösten anorganischen Kohlenstoffs im

Oberflächenwasser durch die besonders tiefe Wassermassendurchmischung können an

dieser Lokation vernachlässigt werden. Es wird daher vorgeschlagen, die l3C_

Abreicherungen im Skelett mit Änderungen im Autotrophie-Heterotrophie Verhältnis der

Nahrungsaufnahme der Koralle zu erklären. Es wird von einer verstärkten heterotrophen

Nahrungsaufnahme von Zooplankton durch die Koralle während der Blüten ausgegangen.

Wenn diese Schlußfolgerungen durch weitere Arbeiten bestätigt werden, könnten

saisonale Chronologien stabiler Kohlenstoffisotope (O l3C) von Korallen, die von

Autotrophie unter normalen Bedingungen zu verstärkter Heterotrophie während

Planktonblütenereignissen wechseln, als Indikatoren der Ozeanpaläoproduktivität in

zwischenjährlicher Auflösung verwendet werden.
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1. Introduction
1.1. Reconstructing the c1imatic variability of the past several hundred years

Widespread instrumental cIimate data are available for only about one century, a

period arguably modified by anthropogenie activities [e.g., Mann et al. , 1998]. These

short instrumental records cannot resolve the full range of decadal-, multidecadal-, and

centennial-scale natural cIimate variability. Therefore, proxy cIimate indicators in at least

annual resolution must be used for the reconstruction of the cIimate variability during the

past millennium. These indicators are based on varied proxy sources (tree rings, ice cores,

banded corals, varved sediments). The resulting paleocIimatic records based on these

proxy sources are a central issue for the assessment of pertubations to the natural cIimate

variability by anthropogenic forcing, and, consequently, for cIimate predictability.

Furthermore, centuries-long continuous proxy records of cIimate variability are essential

for a better understanding of the interaction between the different modes of the global

cIimate system, e.g., the EI Nifio-Southern Oscillation phenomenon, the Asian monsoon,

or the North Atlantic Oscillation. The variability of these modes and their interaction has

important socio-economic effects owing to their worldwide modulation of droughts,

floods, storms, snowfall, or fish stocks.

In most areas of the tropics and subtropics continuous instrumental observations of

cIimate rarely span more than the past 30-40 years. Coral records from the

tropical/subtropical reefs provide a tool for reconstructing the cIimate variability of the

past several hundred years, thereby extending the instrumental datasets of these regions.

The mean anImal temperature reconstruction of Mann et al. [1998] for the past six

centuries, which is based on tree ring, ice core, coral, and lang historical and instrumental

records, in the tropics and subtropics is mainly based on coral records (Figure 1.1). This
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IS due to the fact that most trees fail to produce well-defined annual rings in these

latitudes, and other proxy sources are rare. The reconstruction for the Northern

Hemisphere is shown in Figure 1.2. However, to reconstruct mean global temperatures

back over the entire millennium there is the need for more reconstructions from high

quality annual-resolution proxy climate indicators in the diverse regions of the globe.

The possible importance of the low latitudes, especially the tropical Pacific, in

producing both orbital-scale (forced) and millennial-scale (internal) climate cycles was

recently pointed out [Cane, 1998]. The idea is that unstable ocean-atmosphere

interactions in the tropical Pacific change regional sea surface temperature (SST)

distributions. These SST variations are linked to extratropical climate changes via so

called "teleconnection" patterns. There is some evidence for EI Nifio-like states to favor

interglacial conditions and La Nifia-like states to favor glacial conditions [Cane, 1998].

The role of the low latitudes and the tropics in millennial-scale climatic changes, which

are acompanied by shifts as abrupt as decades, is still unclear [Stocker, 1998]. High

resolution paleoclimatic archives like annually banded corals are therefore required to

understand the decadal- to multidecadal-scale climate variability of the low latitudes and

will hopefully also provide implications for the understanding of past climatic changes on

much larger timescales.

~~~~~~_.~..~~..~ ~ ---.....

Figure 1.1. Distribution of high-resolution prox)' climate indicators used in aglobai

reconstruction of annual temperature patterns over the past six centuries [Mann et ai.,

1998]. Dendroclimatic reconstructions are indicated by 'tree' symbols, ice core/ice melt

proxies by 'star' symbols and coral records by 'C' symbols. Long historical and

instrumental records are shown by squares (temperature) or diamonds (precipitation).

Groups of '+' symbols indicate principal components of dense tree-ring sub-networks, with

the number of such symbols indicating the number of retained principal components. For

further discussionseeMann et ai. [1998].
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Figure 1.2. Northern Hemisphere mean annual temperature reconstmction based on the

multivariate calibration of widely distributed high-resolution prox)' c1imate indicators (see

Figure 1.1) [Mann cl al., 1998]. The zero line corresponds to the 1902-1980 calibration

mean of the quantity. Actual data are shown up to 1995. Northern Hemisphere mean

annual temperatures for 1990, 1995, and 1997 were warmer than any other year since

1400. For furt her discussion see A1anl1 el al. [1998].

1.2. Coral stable isotope records of paleoclimate

1.2.1. Introduction

The stable isotopic composition of marine ca1careous organisms has been widely used

for paleoenvironmental reconstructions [e.g., Wefer and Berger, 1991]. The use of

scleractinian reef corals in paleoclimatology started after the existence of density bands in

their skeletons was discovered [Knutson et al., 1972]. These massive so-called "stony

corals" build their skeletons of aragonite (CaC03) and grow at rates of millimeters to

centimeters per year. The skeleton is extended by growth at the outermost surface of a

coral colony within the living tissue layer. The tissue remains as a thin band at the outer

surface of a colony because its lower margin is abruptly lifted at approximately monthly

intervals [Barnes and Lough, 1993]. In general, these corals reveal a skeletal density

banding pattern of alternating bands of high and low density, with one year being

represented by a high and low density-band pair. The annual density-band pairs in coral

skeletons are comparable to growth rings in trees and provide a first chronometer for the

stable isotope record.

The first long (30 years) seasonal resolution coral stable isotope record was shown by

Emiliani et al. [1978], which was followed by the works of Fairbanks and Dodge [1979]

and Pätzold [1984]. The first century-long coral stable isotope record in annual resolution

was shown by Pätzold [1984, 1986]. The reconstruction of ocean-atmosphere variability
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using century-Iong coral stable isotope records in monthly resolution started with the

work of Cole et al. [1993]. The field of coral paleoc1imatology is rapidly growing since

the NOAA workshop on coral paleoclimate reconstruction in 1992 [Dunbar and Cole,

1993] with an increasing number of publications coming out recently. Until now coral

stable isotope records are common which provide paleoenvironmental information about

the past 100-300 years on the seasonal timescale with chronology age errors of a few

years only (in the worst case). The most commonly used corals in paleoc1imatology are

those of the genus Porites owing to their dense skeletons built mostly of vertical skeletal

elements [Barnes and Lough, 1993].

Corals precipitate their aragonitic skeletons out of isotopic equilibrium with ambient

seawaters. The skeletons are depleted in 180 and 13c with respect to isotopic equilibrium.

This isotopic disequilibrium is attributed to "kinetic" isotope effects which apparently

result from discrimination against the heavy isotopes of oxygen and carbon during the

hydration and hydroxylation of CO2 [McConnaughey, 1989a, b]. The isotopic

disequilibrium is believed to be constant along the major growth axis of a coral, where

growth rates are at their maximum [McConnaughey, 1989a]. SampIes for stable isotope

analysis are therefore always taken along the majm axis of coral growth.

1.2.2. Coral stable oxygen isotopes - paleoclimatic interpretation

During growth, massive corals incorporate isotopic species of oxygen and carbon into

their skeletons. The ratio of coral skeletal 180/16
0, reported as 8

180, reflects the

environmental conditions in the ambient seawater during skeleton precipitation. The

primary influences on coral skeletal 8180 variability are (1) the temperature of aragonite

formation and (2) the 8180 of the seawater. (1) As temperature increases, there is a

decrease in the 8180 (depletion in 180) ofthe coral skeletal aragonite. That coral 8
180 is a

function of temperature is derived from the concept of the paleotemperature equation

based on the work ofEpstein et al. [1953]. Near-weekly resolution calibrations ofPori/es

coral 8180 variability suggest a temperature dependence of 0.18%0 (relative to the Pee

Dee belemnite "PDB" isotopic standard) per 1°C [Gagan et al. , 1994]. Arecent

regression of 13 annually-averaged Indo-Pacific coral 1:)
180 records against gridded

estimates of local SST anomaly revealed a relationship of 0.19%0/oC [Evans et al.,

submitted 1998]. (2) Coral 1:)
180 is also a function of variations in the 1:)180 of the

seawater which can result from evaporation (enrichment in 180), precipitation (depletion

in 180 ), or runoff(depletion in 180). High evaporation results in both an enrichment in the

I:)
180 of the seawater and a higher salinity, high precipitation (or runofl) has opposing

effects. Because of this, salinity variations, if driven through evaporation, precipitation or

runoff, c10sely covary with the I:) 180 variations of the seawater. In localities where one of

these two environmental factors dominates the other, coral 1:)
180 records can provide

information either on SST (e.g., Kiritimati, central equatorial Pacific) [Evans et al. ,

1998a] or on sea surface salinity (SSS) (e.g., Tarawa, western equatorial Pacific) [Cole et
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al. , 1993] vanatIOns. In loealities where vanatIOns in both SST and SSS oeeur

simultaneously and work in the same direetion (with respeet to ( 180) an amplified eoral

Ö180 signal ean result (e,g" Dahlak, southern Red Sea) [Klein et al. , 1997]. However, to

define the relative eQnttibution of variations in both SST and SSS on a eoral reeord

multiple proxies (e.g., cornbined Sr/Ca and ( 180) have to be applied.

1. 2.3. Coral stahle car(}ö" isotopes - paleoclimatic interpretation

The interpretation 01 the coral skeletal l3C/l2C variations in environmental terms is still

a t.opie of debate [SwdPi et al. , 1996a] beeause of eomplieated interaetions with

phY5üologieal proeeSses sueh as symbiont photosynthesis and respiration. Therefore the

applicability of the öl3C signal measured in eoral skeletons has been hampered in

paleoc1imatie research. A long-term deereasing trend is indieated by several eoral Ö
l3C

Feeords (depleticm in BC) for the past several hundred years [e.g., Nozaki et al., 1978;

Pdtzold, 1986; Qulnl1 et Clf., 1998]. This trend is usually attributed to the eorresponding

@ecrease in the öl3 C öf atmospherie CO2 owing to an inereased anthropogenie release of

l3C"---depl'eted CO2 resulting from fossil fue1 eombustion. However, the slopes of this trend

diffet ämo'ng t\1e eoral records making quantifieations diffieult. Coral Öl3C variations on

the seas&nal timeseale are thought to be mainly eontrolled by the photosynthetie aetivity

ofth~ cof2tl's endosyrnbiotie algae, and are therefore attributed to the seasonallight eycle,

cloueHnes§ 01' water eölurnn transpareney [Fairbanks and Dodge, 1979; Pätzold, 1984;

McColititiughey, 1989a; Wellington and Dunbar, 1995]. Endosymbiotie photosynthesis

prefeteflttally fixes 12C relative to l3C into organie earbon, thus entiehing the internal

dissolved inorganie earbon (DIC) "pool" from whieh ea1cifieation in eorals takes plaee

with l3e. In general, periods of higher photosynthesis should lead to inereased

G{§'1'lcentrations of l3C in coral skeletons [Fairbanks and Dodge, 1979; Swart, 1983;

.McCoitttaughey, 1989a]. Variations in the Öl3 C ofthe DIC ofthe seawater have also been

show'n: to affeet the coral skeletalö l3C signal [Swart et al. , 1996a]. On the other hand, the

possible importanee cf ehanges in the autotrophy-heterotrophy diet of eorals on the Ö13C

signal .in their skeletons has also been pointed out [Carriquiry et al., 1994; Swart et al.,

1996a]. Relative ehanges of the proportion of autotrophie and heterotrophie food sourees

~s' assuill\ed to influenee the isotopie eomposition of the eoral's internal DIC pool from

wrl~th caleifieation takes plaee [Swart et al., 1996a]. Reeently Gagan et al. [1994, 1996]

repeNted that l3C enrichments in the skeleton of eorals from Australia eulminate sharply at

the firne of the annual eoral spawning event. This was explained with the rapid

sequestering of 12C required to build the reproduetive tissue prior to spawning.
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Figure 1.3. Study area in the Red Sea. The sampling locations of the coral cores are

indicated by 'star' symbols. eore RUS-95 was collected at Ras Umm Sidd (Ras Mohammed

National Park, Egypt), core EILAT-1 was collected at Eilat (Israel).

1.3. Study area

The study area is located near latitudes 28°-29°N at the northern rim of the African

Asian desert belt in the northernmost Red Sea. Within this thesis two coral stable isotope

records from fringing reefs of the Sinai Peninsula are discussed. One fi·om Ras Umm Sidd

(Egypt) near the southern tip of the peninsula at the northern end of the Red Sea proper,

and one from Eilat (Israel) near the northern end of the Gulf of Aqaba (Figure 1.3). The

cIimate of the region is dominated by the subtropical high-pressure belt and therefore by

the descending branch of the northern Hadley cell, where large-scale descending motions

warm and dry the atmospheric boundary layer. In general, the warming and drying of this

subsiding air near latitudes 30° is considered as the major cause of aridity in the

subtropics. Above the subtropical high-pressure belt and the descending limb of the

Hadley cell the subtropical westerly jet stream is located at about 12 km height. However,
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the climate regime of the Mediterranean Sea with its winter rains resulting from the

moisture bringing North Atlantic westerlies is located in a distance of less than 300-500

km to the north [Buckle, 1996; Bany and Chorley, 1998].

The Red Sea is a long (~2000 km) and narrow (~280 km) desert-enclosed basin with

depths ofup to 2800 m (Figure 1.3). It is connected to the Indian Gcean in the south by

the narrow and shallow (~140 m) Strait of Bab-el-Mandab. The c1imate is extremely arid

with high evaporation and negligible precipitation and runoff. The estimated net

evaporation is ~200 cm/yr [Morcos, 1970; Ahmad and Sultan, 1989]. Therefore, the Red

Sea is an evaporative basin. The Red Sea circulation is mostly driven by thermohaline

forcing, wind forcing is secondary [Eshel et al. , 1994]. The excess of evaporation over

precipitation causes a northward surface inflow through the Strait of Bab-el-Mandab.

High evaporation in the northern Red Sea and low evaporation in the southern Red Sea

depresses the sea level in the extreme north compared to the middle and southern part of

the basin. This slope drives the thermohaline circulation and controls water mass

formation [E.shel and Naik, 1997; E.shel et al., submitted 1998]. At the northern end of

the Red Sea deep water is formed and gives rise to a southward-flowing current [Cember,

1988].

The Gulfof Aqaba is a up to 1830-m-deep, narrow (180 km long, with 14 km average

width), desert-surrounded basin forming the northeastern extension of the Red Sea

proper (Figure 1.3). The climate is also arid, with high evaporation and negligible

precipitation and runoff. Nutrient levels and primary production are very low and thus

light penetration is deep [Reiss and Hottinger, 1984]. The evaporative loss is

compensated by inflow from the Red Sea in the south. This inflow is confined to the

upper warmer layer by a shallow sill at a water depth of 252 m (Straits of Tiran). This

results in unusually high temperatures at depth, for example, 20.6°C at 1200 m.

Consequently, the vertical stratification in the Gulf is unusually weak [Klinker et al. ,

1976]. Winter cooling of the surface waters causes destabilization of the water column,

which can result in deep convective mixing at the northern end of the Gulf, sometimes

exceeding depths of 600-850 m [Woif-Vecht et al. , 1992; Genin et al., 1995], resulting in

extraordinarily large plankton blooms in the surface waters [Genin et al., 1995; Lindell

and Post, 1995]. These deep vertical mixing events at the northern end of the Gulf of

Aqaba are possibly unique to deep marginal seas with shallow sills [Genin et al. , 1995].

1.4. Material and methods

1.4.1. Coral core collection

A coral core (RUS-95) from Ras Umm Sidd (Egypt) near the southern tip ofthe Sinai

Peninsula (Figure 1.3) was collected during the "Red Sea Program on Marine Sciences"

(RSP) cruise-#1 ofR/V University I in November-December 1995. The location is within

the boundaries of the Ras Mohammed National Park [e.g., Ormond et al. , 1997]. A coral

core (EILAT-1) from Eilat (Israel) near the northern end of the Gulf of Aqaba was

collected in May 1993. Both cores were collected from large hemispherical Porites sp.
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colonies by using a diver-operated underwater pneumatic drill with a 5-cm-diameter bit.

Each core was drilled vertically, parallel to the major axis of coral growth, to the bottom

of the colony. After drilling the Ras Umm Sidd core the borehole was sealed with a

carbonate plug to prevent bioerosion. Visual inspection in March 1996 and December

1996 revealed that the drilling did not harm the huge coral and that the colony' s living

surface started to overgrow the plug. The borehole of the coral colony from Eilat was not

sealed because it is still used for scientific experiments (B. Lazar, personal

communication, 1997).

1.4.2. Sampling and stahle isotope analysis

The drilled core segments were sliced into 3- to 5-mm-thick slabs parallel to the axis

of coral growth. X radiograph positive prints of the slabs revealed a clear skeletal density

banding pattern of alternating bands of high and low density and were used as guides for

spot-sampling along the axis of maximum coral growth, following precisely the major

growth axis of single fans of corallites. This sampling technique limits the influence of

"kinetic" isotope disequilibria effects [McConnaughey, 1989a, b]. According to the

terminology of Cohen and Hart [1997] the sampling profile always followed the central

axis of the highest bumps. Sampies were collected by low-speed drilling using a dental

tool with a 0.8-mm-diameter bit. The average growth rate of the corals and the average

sampie spacing provided an average resolution of more than 6 sampies per year for both

cores. X radiograph positive prints of the sampled coral slabs were used as controls for

evaluating the position of the sampling profile. The control X radiographs revealed that

the sampling profiles always followed precisely the major growth axis of single fans of

corallites, i.e., the central axis ofthe highest bumps.

For isotopic analysis, we used a Finnigan MAT 251 mass spectrometer coupled to a

Finnigan MAT automated carbonate device at the stable isotope laboratory of the

Fachbereich Geowissenschaften, Universität Bremen, Germany. Long-term

reproducibility, deduced from replicate measurements of an internal carbonate standard, is

less than ±0.07%o for 0180 and ±0.05%o for OBC, respectively (Ja over a 3-year period).

Isotopic values are rep011ed relative to the Pee Dee belemnite (PDB) reference standard.

The value of 0180 and OBC are

and

respectively. The RUS-95 and the EILAT-l coral chronologies are based on 1530 and

150 stable isotope measurements, respectively.
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1.4.3. Frequency domain analysis of the coral time series
For the time series analysis ofthe coral and climate data the AnalySeries (version 1.1)

software package [Paillard et al. , 1996] was used. Periodicities are a recurrent and

important feature in natural signals. ldentif}ring such periodicities in a paleoclimatic time

series and relating them to known oscillatory modes of the climate system is the goal of

spectral and cross-spectral analysis. The Blackman-Tukey method [Blackman and Tukey,

1958; Jenkins and Watts, 1968] whieh is the classical method for spectral analysis was

applied. This method is very robust, unlikely to present spurious spectral features. The

algorithm computes first the autocovariance of the data, then applies a window (here a

Tukey window), and finally Fourier-transforms the covariance functions to compute the

power spectrum [e.g., Paillard et al. , 1996].

Singular spectrum analysis (SSA) [Vautard and GMI, 1989; Chi! and Vautard, 1991;

Vautard et al. , 1992] is designed to extract dominant oscillatory components from short,

noisy time series without having to search for some nominally optimal band pass filter.

SSA decomposes time series by data-adaptive spectral filters into nonlinear trends,

oscillatory components (with anharmonic shapes) and noise. SSA is not truly a speetral

analysis method beeause it does not deeompose the signal into harmonie eomponents. It

is a form of prineipal eomponent analysis and performs an empirieal orthogonal funetion

(EOF) analysis in the time domain, and thus represents the signal as a sum of eomponents

that are not neeessarily oseillations, but more general, data adaptive funetions [e.g.,

Paillard et al. , 1996; Yiou et al. , 1994; Dettinger et al. , 1995]. An important

eharaeteristie of SSA is the oeeurenee of pairs of oseillatory eomponents whieh have a

similar shape and frequeney but are in phase quadrature with eaeh other. These two

oscillatory eomponents, whieh are never exactly equal, are assoeiated with oseillatory

phenomena in the time series. The assoeiated oseillatory eomponent is then reeonstrueted

as the sum of the two eomponents of an oseillatory pair [Vautard and Ghi!, 1989; Chi!

and Vautard, 1991; Vautard et al., 1992; Yiou et al. , 1994].

SSA was used to reconstruct the most prominent oscillatory components (or modes)

in the coral time series, to determine their relative contributions to the time series, and to

detect the changes in their amplitude over time, using the AnalySeries (version 1.1)

software package [Paillard et al. , 1996]. SSA was performed with several window

lengths (25, 30, 35, 40, 50, 60, 75, and 80 years, respective1y) to find the optimal

window. For SSA two computers were run simultaneously for approximately 24 hours

per day during a 2-week period. To determine the eorresponding frequencies of the

reconstructed oscillatory modes Blackman-Tukey spectral analysis was applied. Those

periodicities which occured as prominent oscillations in both spectral analysis and SSA of

the eoral time series were interpreted as the most robust oscillatory signals. Before

applying spectral analysis, cross-spectral analysis or SSA the individual time series were

detrended by removing the linear trend and normalized to unit variance.
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1.4.4. Data access via Internet

Instrumental and proxy climate data are available from several databases via Internet.

These data are essential for the calibration and interpretation of every paleoclimatic

record. For example, in addition to the datasets of instrumental SST observations in the

northern Red Sea records of temperature and precipitation from about 80 weather

stations (from Cyprus to Sudan, from Libya to Iraq) were investigated for the

environmental interpretation of the coral records. A lot of datasets concerning

instrumental climate observations and climate indices can be accessed via the server of the

Lamont-Doherty Earth Observatory of Columbia University, Palisades, NY, USA

(<http://ingrid.ldgo. columbia. edu/SOURCES/». A good source for paleoclimatological

data (corals, ice cores, tree rings, sediment cores, pollen) is the World Data Center-A for

Paleoclimatology, NOAAINGDC, Boulder, CO, USA

(<http://www.ngdc.noaa.gov/paleo/paleo.html>). Another source for paleoclimatological

data is the PANGAEA (PaleoNetwork for Geological and Environmental Data) database,

AWIIMARUM, BremerhavenIBremen, Germany (<http://www.pangaea.de>).

Supplementary datasets concerning publications in NATURE are available via

<http://www.nature.com>. In addition to this more formal way of data collection several

new paleoclimate datasets not available via Internet at this time were derived directly

from colleagues by e-mail.

1.5. Focus of this thesis

The original focus of our coral-based work in the northern Red Sea was the

reconstruction of climate variability. It was considered to use coral cores collected from

the fringing reefs ofthe Sinai Peninsula [e.g., Walther, 1888; Gvirtzman and Buchbinder,

1978] for the generation of stable isotope records in annual to seasonal resolution [e.g.,

Pätzold, 1984; Pätzold, 1986]. Coral stable isotope-based paleoclimatological research in

this subtropical region started with the pioneering works of Klein et al. [1992, 1993]

which showed that on the seasonal timescale coral 0 180 variations in the northern Red

Sea primarily reflect the seasonal SST cycle.

Every long seasonal resolution coral stable isotope record will extend the

discontinuous instrumental observations of climate in the northern Red Sea region and

therefore will hopefully provide a better understanding of Middle East climate variability

during the past several hundred years. The work of Genin et al. [1995] which reported a

deep vertical water mass mixing event at the northern end of the Gulf of Aqaba (the

northeastern extension of the Red Sea proper) caused by a cold air-temperature anomaly

following the large explosive volcanic eruption of Mount Pinatubo (Philippines, 1991)

inspired us to detect such events in the stable isotopic composition of corals from that

location. The focus of this thesis therefore is to reconstruct climate and ocean variability

by using stable isotope records ofmodern corals from the reefs ofthe northern Red Sea.
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1.6. Publications, manuscripts to be submitted

Chapters 2. -5. of this thesis are four manuscripts to be submitted to or already

published in reviewed scientific journals.

Chapter 2.

Vertical water mass mixing and plankton blooms recorded in skeletal stable carbon

isotopes of a Red Sea coral
Published as:

Felis, T., 1. Pätzold, Y. Loya, and G. Wefer, Vertical water mass mixing and plankton blooms recorded

in skeletal stable carbon isotopes of a Red Sea coral, 1. Geophys. Res., 103, 30731-30739, 1998.

This publication provides new insight into the controls of the Ö
l3C signal in the

skeletons of massive corals and therefore addresses a long standing problem in coral

based paleoclimate reconstructions. Constraints are placed on a relatively new idea that

skeletalö l3 C variations are partially controlled by the coral's balance between autotrophie

and heterotrophie food sourees. Furthermore, the coral Öl3 C record (EILAT-1) can be

used to reconstruct oceanographic and climatic variability at the northern end of the Gulf

of Aqaba (northern Red Sea) during a 19-year period (1974-1993). Evidence is presented

for a coral response from the northern Red Sea to the cooling associated with the large

explosive volcanic eruptions of EI Chich6n (Mexico, 1982) and Mount Pinatubo

(Philippines, 1991). The publication prornotes the applicability of seasonal skeletal Ö
l3C

records of corals which change from autotrophy under normal conditions to increased

heterotrophy during plankton bloom events as indicators of ocean paleoproductivity at

interannual resolution, available from no other source.

Chapter 3.

First resuIts of a coral-based history of recent climate in the northern Red Sea
Published as:

Felis, T., 1. Pätzold, G. Wefer, M. Fine, Y. Loya, and A. H. Nawar, First results of a coral-based history

ofrecent climate in the nortllern Red Sea, Zbl. Geol. Paläon!. Teil 1,1997/1-2, 197-207, 1998.

This publication discusses the most recent years (1990-1994) of the coral record from

Ras Umm Sidd (RUS-95) in the northern Red Sea to test the applicability of the coral

Ö
180 signal of this specific colony for the reconstruction of large-scale sea surface

temperature (SST) variability in this area on the seasonal and interannual timescale. The

results are promising. For the first time correlation coefficients between a northern Red

Sea coral Ö
180 record and regional instrumental observations of SST are discussed.
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Chapter 4.

A coral oxygen isotope record of temperature, aridity, and deep water formation

from the northern Red Sea since the year 1750
To be submitted as:

Felis, T., J. Pätzold, Y. Loya, M. Fine, A. H. Nawar, and G. Wefer, A coral OA)'gen isotope record of

temperature, aridity, and deep water formation from the northern Red Sea since the year 1750.

This manuscript discusses the entire coral Öl80 record from Ras Umm Sidd (RUS-95)

in the northern Red Sea (1750-1995). The bimonthly resolution time series provides

information on past climate and ocean variability during the past 245 years and reveals

new aspects on large-scale Middle East climate variability on the interannual to

interdecadallmultidecadal timescale. The coral öl80-based SSTs suggest that mean annual

northern Red Sea SSTs between 1751 and 1900 were ~0.3°C lower than the 20th century

average. The northern Red Sea is probably the only site in the world oceans where water

mass formation occurs and reef corals grow. The winter Ö180 values of the coral record

can be used to detect episodic events of deep water formation of the Red Sea

thermohaline circulation.

Chapter 5.

Interaction between the North Atlantic Oscillation and the EI Nifio-Southern

Oscillation in aMiddie East coral record
To be submitted as:

Felis, T., 1. Pätzold, Y. Loya, and G. Wefer, Interaction between the North Atlantic Oscillation and the

EI Nifio-Southern Oscillation in aMiddie East coral record.

This manuscript discusses the coral Öl80 record from Ras Umm Sidd (RUS-95) in the

frequency domain. Spectral analysis, cross-spectral analysis, and singular spectrum

analysis (SSA) reveal that both the North Atlantic OsciIIation (NAO) and the EI Nifio

Southern OsciIIation (ENSO) contributed significantly to the climate variability of the

Middle East during the past ~250 years on interannual to multidecadal timescales. The

results suggest that interaction between extratropical and tropical modes of the global

climate system via atmospheric teleconnections has an important control on subtropical

cIimate variilbility. Furthermore a prominent cooling interval in the first half of the 19th

century which is evident in several Northern Hemisphere temperature reconstructions can

be related to a 70-year climate osciIIation of most probably North Atlantic origin, at least

for the Middle East region.
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2. Vertical water mass mixing and plankton blooms recorded in skeletal

stable carbon isotopes of a Red Sea coral

Published as:

Felis, T., J. Pätzold, Y. Loya, and G. Wefer, Vertical water mass mixing and plankton

blooms recorded in skeletal stable carbon isotopes of a Red Sea coral, J Geophys. Res.,

103, 30731-30739, 1998.

2.1. Abstract

The environmental interpretation of the l3C/l2C variations in the skeletons of massive

corals is still a matter of debate. A 19-year seasonal skeletal l3C/l2C record of a shallow

water Porites coral from the northern Red Sea (Gulf of Aqaba) documents interannual

events of extraordinarily large plankton blooms, indicated by anomalous l3C depletions in

the coral skeleton. These blooms are caused by deep vertical water mass mixing,

convectively driven in colder winters, which results in increased supplies of nutrients to

the surface waters. The deep vertical mixings can sometimes be driven by the cooling

occuring throughout the Middle East after large tropical volcanic eruptions. We therefore

have evidence in our coral skeletal l3C/l2C record for an indirect volcanic signal of the

eruptions of EI Chichon (1982) and Mount Pinatubo (1991). Deep mixing induced

l3C/l2C variations ofthe dissolved inorganic carbon in the surface waters can be neglected

at this location. We therefore suggest that the l3C skeletal depletions can be best

explained by changes in the coral' s autotrophy-heterotrophy diet, through increased
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heterotrophic feeding on zooplankton during the blooms. Increased feeding on l3 C_

depleted zooplankton or increased heterotrophy at the expense of autotrophy can both

result in a l3C-depleted coral skeleton. However, this suggestion requires more testing. If

our conclusions are substantiated, seasonal skeletal l3C/I2C records of corals which

change from autotrophy under normal conditions to increased heterotrophy during bloom

events may be used as indicators of ocean paleoproductivity at interannual resolution,

available from no other source.

2.2. Introduction

The 180 /160 variations in the skeletons of massive corals have been shown to provide

a high-resolution seasonal proxy for sea surface temperature (SST) and/or sea surface

salinity (SSS) for the past several centuries [Cole et al. , 1993; Linsley et al. , 1994; Quinn

et al., 1996; Charles et al., 1997; Kuhnert et al. , 1998]. The interpretation of seasonal

coral skeletal 13C/I2C variations in environmental terms is still a topic of debate [Swart et

al. , 1996a] because of complicated interactions with physiological processes such as

symbiont photosynthesis and respiration. Therefole the applicability of the seasonal Ö
l3C

signal measured in coral skeletons as a recorder of past ocean-atmosphere variability has

been hampered in paleoclimatic research. Exceptions include the work of Shen et al.

[1992]. The most prevalent opinion is that skeletal Öl3C in photosynthetic corals on the

seasonal timescale is mainly controlled by the photosynthetic activity of the cora!' s

endosymbiotic algae, and it is therefore attributed to the seasonal light cycle, c10udiness

or water column transparency [Fairbanks and Dodge, 1979; Pätzold, 1984;

McConnaughey, 1989a; Wellington and Dunbar, 1995]. Endosymbiotic photosynthesis

preferentially fixes I2C relative to l3C into organic carbon, thus enriching the internal

dissolved inorganic carbon (DIC) "pool" from which calcification in corals takes place

with l3e. In general, periods of higher photosynthesis should lead to increased

concentrations of l3C in coral skeletons [Fairbanks and Dodge, 1979; S'wart, 1983;

McConnaughey, 1989a]. It is widely assumed that photosynthesis withdraws and

respiration adds 13C-depleted carbon to the internal DIC pool [McConnaughey et al.,

1997]. Variations in the öl3C of the DIC of the seawater have also been shown to affect

the coral skeletal Öl3C signal [Swart et al. , 1996a]. On the other hand, the possible

importance of changes in the autotrophy-heterotrophy diet of corals on the öl3C signal in

their skeletons has also been pointed out [Carriquiry et al., 1994; Swart et al., 1996a].

Heterotrophy means coral feeding on allochthonous sources of organic carbon, mainly

zooplankton with its typical l3C-depleted isotopic signature, and a resulting contribution

of l3C-depleted respiratory CO2 to the cora!' s internal DIC pool. This is opposite to the

process where organic carbon is usually derived by photosynthetic corals, i.e., from

photosynthesis of the endosymbiotic algae (autotrophy). Relative changes of the

proportion of these two organic carbon food sources, with their different isotopic

signatures, could influence the isotopic composition of the cora!' s internal DIC pool from
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which ca1cification takes place [Swart et al., 1996a]. Recently Gagan et al. [1994, 1996]

reported that l3e enrichments in the skeleton of corals from Australia culminate sharply at

the time of the annual coral spawning event. This was explained with the rapid

sequestering of 12e required to build the reproductive tissue prior to spawning. Gagan et

al. suggested that the reproductive modulation of the coral skeletal öl3e signal can be

used as an accurate time marker for constructing coral time series.

Here we present evidence from the moderately oligotrophie Gulf of Aqaba [Reiss and

Hottinger, 1984] in the northern Red Sea that coral skeletal öl3e variations record

interannual oceanographic and climatic variability. A seasonal 19-yr skeletal ö13e record

derived from a shallow-water coral documents interannual events of extraordinarily large

plankton blooms. These blooms are caused by deep vertical water mass mixing, which

sometimes can be driven by the cooling following major tropical volcanic eruptions

[Genin et al. , 1995].

32'N ...........,.-..,..-..,...-or-..,..,,........,.-..,..---,

30'N

28'N

26'N

34'E

eoral loeation

350'E

Aqaba

Figure 2.1. Samp1ing location of the cora1 core (ElLAT-1) near the nortllem end of the

Gu1f of Aqaba (Red Sea). The cora1 co1ony is c1ose1y 1inked to open-sea conditions due to

the narrow fringing reef and the steep submarine slope.

The Gulf of Aqaba is a 1830-m-deep, narrow (180 km long, with 14 km average

width), desert-surrounded basin forming the northeastern extension of the Red Sea

(Figure 2.1). The climate is arid, with high insolation, high evaporation (-400 cmlyr) and

negligible precipitation (-2.2 cmlyr) and runoff Nutrient levels and prirnary production

are very low and thus light penetration is deep [Reiss and Hottinger, 1984]. The

evaporative loss is compensated by inflow from the Red Sea in the south. This inflow is

confined to the upper warmer layer by a shallow sill at a water depth of 252 m (Straits of

Tiran). This results in unusually high temperatures at depth, for example, 20.6°e at 1200
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m. Consequently, the vertical stratification in the Gulf is unusually weak [Klinker et al.,

1976]. During summer (April-October), an upper 200-300 m thermally stratified layer

with temperatures between 21 and 26°C at the surface overlies a thermally homogenous

layer of ~21 °C [Klinker et al. , 1976; Wolf-Vecht et al. , 1992]. Winter cooling

(November-March) of the surface waters causes destabilization of the water column,

which can result in deep convective mixing in late winter (FebruarylMarch) at the

nOl1hern end of the Gulf [Wolf-Vecht et al. , 1992; Genin et al. , 1995]. Interannual

variations in winter air temperature are directly linked to variations in maximum mixing

depth [Genin et al. , 1995]. Anomalously cold winters drive the vertical mixing to depths

exceeding 600-850 m [Wo!f-Vecht et al., 1992; Genin et al., 1995]. During summer the

stratified surface waters of the Gulf are depleted of nutrients. Because the concentration

of nutrients increases with depth [Reiss and Hottinger, 1984; Lindell and Post, 1995],

winters with deep vertical mixing result in increased supplies of nutrients to the surface

waters, leading to extraordinarily large plankton blooms in spring (mid-March to mid

May) [Genin et al. , 1995; Lindell and Post, 1995].

Winters which drive a deep vertical mixing have only slightly lower SSTs than average

winter minimum SSTs. This is made possible oy the unusually weak water-column

stratification of the Gulf of Aqaba. The contribution of salinity to vertical variations in

water density is negligible in the Gulf; because of this, vertical profiles of density and

potential temperature are almost mirror images of each other [Reiss and Hottinger, 1984;

Genin et al. , 1995]. The average lowest daily SST from 1988-1995, aperiod

encompassing winters with and without deep vertical mixing, had a range of only 0.7°C.

The minimum mixing depth during that period occured in the winter of 1990-1991 (300

m), and the maximum mixing depth occured in the winter of 1991-1992 (>850 m).

However, the mixing depth is also dependent on the length of the sea-cooling period

during winter. The deep vertical mixing events at the northern end of the Gulf of Aqaba

are amplifications of rather small-scale interannual variations in winter minimum SST, and

they are possibly unique to deep marginal seas with shallow sills [Genin et al., 1995].

2.3. Material and methods

A coral core (EILAT-1) was collected from a 0.85-m coral colony (Porites sp.) near

the nOl1hern end of the Gulf of Aqaba (29°31 'N, 34°56'E), using an underwater

pneumatic drill (Figure 2.1). The coral is located at a water depth of 4.5 m in front ofthe

reef crest near the H. Steinitz Marine Biology Laboratory at Eilat (Israel). The site is

characterized by a steep submarine slope; the proximity to the 500- to 700-m-deep

central-trough of the Gulf is ~3 km. The Gulf becomes increasingly deeper to the

southwest; the location is therefore closely linked to open-sea conditions. We only

analyzed the top O. 16 m of the core because changes in the coral' s growth axis did not

provide a continuous record below this depth.
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Figure 2.2. X radiograph positive print of the coral slab (Porites sp.). The skeletal density

banding pattern of alternating bands of high (dark color) and low density (light color) can

be clearly seen. One year is represented by a low and high density-band pair. Also shown

are the corresponding years of skeleton precipitation. The sampling transect appears as

white circles. The black bar in the upper right corner is 1 cm.

X radiograph posItive prints of the sliced 5-cm-diameter coral core were used as

guides for continuous spot sampling along the axis of maximum coral growth, following

precisely the major growth axis of a single fan of corallites (Figure 2.2). This sampling

technique limits the influence of "kinetic" isotope disequilibria effects [McConnaughey,

1989a,b]. Samples were collected by low-speed drilling using a dental tool with a 0.8-
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mm-diameter bit. For isotopic analysis we used a Finnigan MAT 251 mass spectrometer

coupled to a Finnigan MAT automated carbonate device at the stable isotope laboratory

of the Department of Geosciences at Bremen University, Germany. Long-term

reproducibility, deduced from replicate measurements of an internal carbonate standard, is

less than ±0.07%0 for 0180 and ±0.05%0 for OBC, respectively (1cr over a l-year period).

Values are reported relative to the Pee Dee belemnite (PDB) reference standard.

The growth rate of the coral decreased more or less continuously from 10 (1974) to

4.5 mm/yr (1992). We sampled at approximately I-mm intervals, which results in an

average sampling frequency of 7-8 sampies per year, providing approximately bimonthly

resolution. Coral skeletal 0180 variations at the northern end of the Gulf of Aqaba

primarily reflect the seasonal SST cycle of -5°C [Klein et ai., 1992; Klein et ai., 1993],

SSS is nearly constant and varies by less than 0.5%0 throughout the year [Wolf-Vecht et

ai. , 1992). The coral chronology is constructed by setting the maximum 0180 value in a

given year equal to mid-March (on average, the time of winter minimum SST) and by

assuming a constant coral growth rate between March of each year. Therefore we

interpolated linearly between these fixed points for further age assignments.

Water sampies for OBC analysis of the DIC were collected during the day in glass

bottles (3-m water depth) and poisoned, and bottle caps were sealed with wax. Total

dissolved inorganic carbon was extracted by acidification. The cryogenically purified,

resultant gas was analyzed using a Finnigan MAT Delta-E mass spectrometer at the stable

isotope laboratory, Department of Geosciences, Bremen University. Values are reported

relative to PDB with an analytical error of ca. ±0.1 %0 (1cr).

Before applying the least squares smoothing filter [SavitzAy and Golay, 1964] to the

OBC data in Figure 2.3b, the series was interpolated linearly to six equally spaced values

per year for the filter to be optimal, providing a bimonthly resolution. All these

procedures were performed using the AnalySeries (1.0a7) software package [Paillard et

al., 1996].

2.4. Results and discussion

2.4.1. Vertical mixing, plankton blooms, and volcanic eruptions recorded in coral
skeletal 013C

Figure 2.3b shows the skeletal 0180 and OBC records obtained from the coral core.

Coral skeletal 0180 is not sensitive enough to detect the anomalously cold winters driving

a deep vertical mixing at the northern end of the Gulf because these winters have only

slightly lower SSTs than average winter minimum SSTs. Because the concentration of

nutrients increases with water depth [Reiss and Hottinger, 1984; LindeIl and Post, 1995],

increasingly more nutrients are transported successively to the surface waters when

mixing is reaching increasingly greater depths. Thus a vertical mixing exceeding a

threshold depth of -550 m results in extraordinarily large blooms (B. Lazar, personal

communication, 1997). This critical depth is actually a band and can not be considered as
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adefinite depth limit (E. Lazar, personal communication, 1997). Figure 2.3c shows

maximum winter mixing depths at the northern end of the Gulf of Aqaba. Figure 2.3d

presents the average concentration of surface chlorophyll a during spring bloom,

revealing the relationship between the critical mixing depth of 550 m and increased

blooms [Genin et al. , 1995]. The coral skeletal ö13e record shows anomalous 13e
depletions in the winters of 1975-1976,1988-1989,1991-1992, and 1992-1993, which

correspond to all the available instrumentally documented deep vetiical mixing and

increased plankton bloom events, using the 550 m threshold depth as criterion (Figure

2.3c). These anomalous 13e skeletal depletions rise up during winter from a ground level

of a more or less clear seasonal skeletal Ö 13e cycle in the coral record, as emphasized by

smoothing of the Ö13e data (Figure 2.3 b). On the other hand, in the winters of 1976

1977, 1989-1990, and 1990-1991, with only shallow to moderate maximum mixing

depth, resulting in only minor spring blooms, no anomalous 13e depletions can be

identified in the coral record. The typical pattern ofthe anomalous 13e skeletal depletions

in the coral record can be described as (1) extraordinarily negative ö13e values «-2.5%0),

(2) a strong decrease of > 1. 0%0 followed by a > 1.4%0 increase producing pronounced

spikes, and (3) the timing in late winter-early spring. In the winter of 1974-1975, vertical

mixing exceeded 500 m [Klinker et al. , 1976] but probably not the 550-m threshold

depth, as our coral skeletal ö13e record indicates no deep vertical mixing and increased

plankton bloom event.

Figure 2.3. Cora1 record (EILAT-1) and environmental parameters for the northern end of

the Gu1f of Aqaba (Red Sea). (a) Annua1 cora1 growth rate is calcu1ated from mid-March to

mid-March and plotted on mid-September. (b) Cora1 ske1eta1 Ö
180 and Ö

13C records. The

thick line represents a 21-point least squares smoothing filter [SavitzAy and Golay, 1964].

The dotted bars indicate deep vertical mixing and increased plankton bloom events, derived

from the cora1 Ö
13C record. (c) Maximum winter mixing depth, main1y based on

temperature versus depth profiles, is plotted on mid-March (1, Klinker et al. [1976]; 2,

Reiss et al. [1976]; 3, Reiss et al. [1977]; 4, Genin et al. [1995] and Wolf-Vecht et al.

[1992]; 5-7, Genin et al. [1995]; 8, Genin et al. [1995] and Lindell and Post [1995]).

Arrows indicate that mixing exceeded the maximum depth that was measured. Mixings

exceeding the critica1 depth band of ~550 m (horizontal dashed line) result in

extraordinarily large spring bloOlns (E. Lazar, personal communication, 1997). (d)

Average concentration of surface chlorophyll a during spring bloom [Genin et al., 1995],

as an indicator of bloom intensity and surface zooplankton concentration (A. Genin,

personal communication, 1997), is plotted on mid-ApriI. (e) Average month1y winter air

temperature (December-February) for Ei1at [Baker et al., 1994], is plotted on mid-January;

the horizontal solid 1ine represents the average of this record. Vertical dashed lines indicate

the two largest tropica1 volcanic eruptions during the record [Robock and Mao, 1992]. (f)

Sunshine hours/month for Ei1at (Israel Meteorological Service, unpublished data, 1991).
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Using these factors as criteria, we detected two more winters with a deep vertical

mixing and increased plankton bloom event (1977-1978 and 1982-1983) during aperiod

without available instrumental-based records (Figures 2.3b and 2.3c). The 1982-1983

event has been previously suggested because of an extraordinarily large spring bloom only

observed by the naked eye and the anomalously cold winter air temperatures [Genin et

al. , 1995] (Figures 2.3d and 2.3e). A common phenomenon throughout the Middle East

is a cold air temperature anomaly occuring during the first winter after major tropical

volcanic eruptions [Robock and Mao, 1992]. The 1991-1992 deep vertical mixing and

increased plankton bloom event was driven by the anomalously cold air temperatures

following the eruption ofMount Pinatubo (Philippines, June 1991) [Genin et al., 1995].

The event in the winter of 1982-1983 followed the eruption of EI ehich6n (Mexico, April

1982). We therefore have evidence in our skeletal öl3e record for a coral response from

the northern Red Sea to the two largest tropical volcanic eruptions which occured during

that period [Robock and Mao, 1992]. The effect of volcanism-induced cooling on coral

skeletal Ö180 has recently been described [Gagan and Chivas, 1995; Crowley et al.,

1997]. Crowley et al. [1997] also discussed öl3e enrichments coinciding with the Ö
180

enrichments associated with volcanic eruptions in their coral record. However, we

present evidence for an indirect volcanic signal in the skeletal öl3e record of a coral from

a location where coral Ö180 is not sensitive enough to detect such events.

Apparently, the deep vertical mixing and increased plankton bloom events occuring

during the 1970s were not as strongly coupled to anomalously cold winter air

temperatures as those which occured since the beginning of the 1980s. During the 1970s

probably other forcing factors were driving the deep vertical mixing in the northern Gulf

of Aqaba. The reason for this is beyond the scope of this paper. However, far the period

1988-1995 winter averages of other potential forcing parameters (solar radiation, relative

humidity, wind speed, and cloud cover) were shown to be not significantly correlated

with the maximum mixing depth ofthe water column [Genin et al. , 1995].

2.4.2. The seasonal coral skeletal ö l3e cycle

In many locations throughout the tropics and subtropics coral skeletal öl3 e variations

on the seasonal timescale have been attributed to the seasonal cycle of light [Fairbanks

and Dodge, 1979; Pätzold, 1984; McConnaughey, 1989a; ,5'hen et al., 1992; Wellington

and Dunbar, 1995]. This has also been shown for the northern end of the Gulf of Aqaba

[Klein et al., 1992, 1993], where the warm summer season is more sunnier and the cold

winter season is more cloudier. Light intensity and SST are positive1y correlated, with a

time lag of about one to three months. Annual light intensity minima (December

February) precede SST minima (March), and light intensity maxima (July) precede SST

maxima (August). For coral skeletal Ö180 and öl3e variations this should result in a weak

negative correlation at the seasonal scale and a shift in phase. A scatterplot of Ö180 versus

ö l3e is shown in Figure 2.4. For the period 1974-1983, skeletal Ö180 and öl3e in our
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caral record reveal such a negative correlation (Figure 2.3b). The correIation coefficient I'

= -0.35 is significant at the 99.5% level. This negative correlation can be explained with

increased endosymbiotic photosynthesis due to l1igher insolation during the warm summer

season, resuiting in a l3C-enriched and 180-depleted coral skeleton, and vice versa for the

winter season [Fairbanks and Dodge, 1979; Swart, 1983; McConnaughey, 1989a]. For

the period 1984-1993 this correlation breaks down; there is no statistically significant

correlation between skeletal ÖI80 and Öl3C (I' = -0.11), owing to changes in the pattern of

the seasonal Öl3C cycle. This change in correlation, when interpreted as a decreased

influence ofthe seasonal light cycle on coral skeletal Öl3C, could be due to disturbances in

the water-column transparency, probably caused by increased building activities along the

share since the early 1980s. In summary, the seasonal cycle of light probably affects the

skeletal Öl3C variations of our coral, especially during 1974-1983, but it can not account

for the variability in the seasonal amplitude, and in no case for the anomalous l3C

depletions which occur during the entire period of the coral record (Figures 2.3b and

2.3f). The l3C depletions are superimposed on this more or less light-controlled coral

skeletal öl3 C cycle. Therefore the process creating the l3C skeletal depletions has to have

its origin in the water column, as runoff-induced Öl3C variations ofthe surface water DIC

should also be negligible in this desert-surrounded arid setting.
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Figure 2.4. Scatterplot of coral skeletal (5
180 versus (5

13C. Seasonal (5
180 maxima are

labeled (most enriched (5
180 value in a given year including adjacent values >8 180 ma[

0.1%0). Seasonal (5
180 maxima which are associated with deep vertical mixing and

increased plankton bloom events are additionally labeled.
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2.4.3. Causes for the anomalous 13C depletions in the coral skeleton

The coral stable isotope record seems to be fairly robust with respect to "kinetic"

isotope disequilibria effects [McConnaughey, 1989a,b]. Although the growth rate of the

coral decreases from 10 (1974) to 4.5 mmlyr (1992), the isotope values do not show a

corresponding enrichment in skeletal 180 or l3e as expected from kinetic isotope

fractionations (Figures 2.3a and 2.3b). The calculated annual coral growth rate (mid

March to mid-March) reveals no pattern associated with the anomalous l3e skeletal

depletions. Two further methods of growth rate calculation were performed by fixing the

coral chronology on mid-March and on mid-August simultaneously (on average, the time

of minimum and maximum SSTs; results are not shown here). Also, in this calculated

annual (mid-August to mid-August) as weil as the seasonal growth rate (mid-August to

mid-March and mid-March to mid-August), no pattern associated with the l3e skeletal

depletions was detected.
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Figure 2.5. Composite reeord of the seasonal Öl3 C eycle of the dissolved inorganie earbon

(DIC) in the surfaee waters at the northern end of the Gulf of Aqaba (solid eircles are from

1993, with 3-m depth and daytime sampling; solid squares are from 1979 to 1980, with the

calculated average of daytime sampies from the 0- to 10-m depth interval, derived from the

data by Shemesh et al. [1994]). The dotted bar indicates the period of late winter-spring,

where deep verticalmixing and increased plankton bloom events usually occur. The Ö
13C of

the surface water DIC has a seasonal cycle of probably less than 0.4%0, considering a

correction for the 0.25%0 offset between the mid-May measurements from 1980 and 1993.

This offset is probably due to an increased anthropogenie input of 13C-depleted CO2 into

the atmosphere. For example, measurements of the Öl3C of the surface water DIC near

Bennuda during the period 1984-1992 indicated an average deerease of --.{).022%<lyr

[Bacastow et al., 1996].

The Öl3e of the DIe in the upper waters (0-200 m) of the northern Gulf of Aqaba

throughout the year (on average, 1.9%0) is controlIed mainly by the process of isotopic

equilibrium with the atmosphere [Shemesh et al. , 1994]. Vertical mixing in winter results
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in a water mass with upper water Ö13C-DIC characteristics, There is no imprint ofthe l3C_

depleted Öl3C-DIC signature ofthe summer deep water (on average, 1.55%0 in 200-600

m) on the upper waters during vertical mixing [Shemesh et al. , 1994]. Deep mixing

induced Öl3C variations of the surface water DIC therefore can be exc1uded to create the

anomalous l3C depletions in our coral skeletal Ö13C record. The Ö13C of the surface water

DIC (0-10 m) shows a weak seasonal cyc1e of probably less than 0.4%0 (Figure 2.5),

which has a roughly negative correlation to the average seasonal coral skeletal Ö
l3C

variations. Thus it seems to be of minor influence on the Öl3C variability in the coral

skeleton, The seasonal Ö
13C variations of the surface water DIC are probably modulated

by the seasonal cyc1e of productivity, resulting in l3C enriched values during the period of

increased productivity in winter and spring and l3C-depleted values in summer due to

increased oxidation of organic matter in the reef.

Three possible mechanisms, which are not mutually exc1usive, are suggested to

explain the anomalous l3C depletions in the coral skeleton,

1, During the extraordinarily large plankton blooms following a deep vertical mixing,

the water-column transparency at the northern end of the Gulf is reduced [Genin

et al., 1995]. Because of the reduced light availability and therefore decreased

photosynthetically available radiation, the photosynthesis of the coral' s

endosymbiotic algae should decrease, resulting in a 13C-depleted coral skeleton

[Fairbanks and Dodge, 1979; Swart, 1983; McConnaughey, 1989a].

2. During the increased blooms, consequently, the concentration of surface

zooplankton is unusually high (A. Genin, personal communication, 1997) and

near-reef areas are strongly affected by zooplankton blooms at this location

[Echelman and Fishelson, 1990]. In general, deep-water corals (>30 m), which

are growing at lower light intensities compared with shallow-water corals, largely

feed on allochthonous sources of carbon (e,g., zooplankton) [Muscatine et al.,

1989], owing to the attenuation of photosynthetically available radiation with

depth and therefore lower photosynthetic rates. This has also been described for

the reef at Eilat [Muscatine et al. , 1989]. Earlier studies in the Caribbean

described typical feeding responses for POl-Ues spp. corals on zooplankton [Lewis

and Price, 1975]. Recently, controlled field experiments in the Caribbean

demonstrated relatively high capture rates of massive corals for zooplankton

[Sebens et al., 1996]. The Öl3C of average marine plankton from the Gulf has

values of about -21%0 [Shemesh et al., 1994]. That the isotopic signature of a

coral' s food produces an imprint on the isotopic composition of a coral' s skeleton

has been shown by experiments, where 14C-spiked foods were fed to corals and

14C incorporation into skeletal carbonates was observed [Pearse, 1970]. We

therefore suggest that the anomalous l3C skeletal depletions in our coral record

can be best explained by changes in the coral' s autotrophy-heterotrophy diet

through increased heterotrophie feeding on zooplankton during the extraordinarily

large plankton blooms. It is assumed that the typical l3C-depleted isotopic
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signature of the zooplankton produces an imprint on the isotopic composition of

the coral' s skeleton through an increased contribution of DC-depleted respiratory

CO2 to the coral' s internal DIC pool. Possible reasons for an increased feeding on

zooplankton during the blooms are increased availability and/or decreased

autotrophy due to a reduced photosynthetic activity of the coral's endosymbiotic

algae during these periods of reduced water column transparency.

3. However, McCOllnallxhcy cl al. [1997] postulated that not much DC-depleted

respiratOl)1 CO2 is incorporated into coral skeletons because corals calcifY mainly

during the daytime, which is the period of active photosynthesis when

photosynthetic CO2 uptake is several times faster than respiratory CO2 release,

while feeding on plankton occcurs mainly at night. The carbonate isotopic

composition of coral skeletons should therefore reflect periods of maximum

photosynthetic influence rather than periods of strong respiratory influence

[McCollllallghey cl al., 1997]. Therefore a third possible mechanism, which also

postulates increased heterotrophy, is suggested to explain the anomalous 13C

skeletal depletions in our coral record. Increased heterotrophy at the expense of

autotrophy by the coral during the extraordinarily large plankton blooms should

reduce the "photosynthetic effect" described by McCollnallghey [1989a] through

reduced photosynthetic activity of the coral' s endosymbiotic algae, and it should

result in a 13C-depleted coral skeleton without any need for incorporating more

13C-depleted respiratory CO2 from increased zooplankton feeding. In summary,

we interpret our skeletal Öl3C record as being typical for a coral which is

fluctuating between autotrophy and heterotrophy on the interannual scale, where

increased heterotrophy during extraordinarily large plankton bloom events results

in anomalous l3C depletions in the coral skeleton.

That increased heterotrophy produces l3C-depleted coral skeletons has been suggested

to explain a general increase in the seasonal skeletal Ö13C variation with depth in coral

records of Porites lohala from Costa Rica [Carriquity cl al., 1994] because this pattern

is contrary to the expected attenuation with depth in proportion to the decrease in light

intensity variation with depth [Fairhanks and f)odXe, 1979]. In coral records (Porites

spp.) from Eilat also no attenuation in the seasonal skeletal Öl3 C variation with depth on a

profile from 3 to 51 m is evident in the data of Klein cl al. [1993], despite only 20-30%

of the measured surface light values being available at 51-rn depth [Reiss and Hottinger,

1984]. This additionally implies changes in the autotrophy-heterotrophy diet of Eilat

Pm'ites spp. corals on the seasonal scale and a resulting modulation of the seasonal Ö
l3C

variations in their skeletons.

Additional geochemical tests to verifY our hypothesis that the anomalous l3C skeletal

depletions are due to increased coral heterotrophy could include measurements of the

15 N/ 14N ratio of the organic content of the coral skeleton. However, preliminat)1 tests

revealed a coral skeletal nitrogen content of a few ppm in a rough approximation

(e. Gervais and M. Segl, personal communication, 1998). Because of this, Ö15N profiles
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with aresolution of ~2-4 years only would be possible, not usable for verification. Further

tests could incIude feeding experiments with Öl3 C analysis of the zooplankton, coral

tissue, endosymbiotic algae, and coral skeleton or, for example, feeding experiments with

14C-spiked zooplankton.

We excIude the possibility that the extensive algal mat which covered broad sections

ofthe underlying reefduring the large 1991-1992 bloom event [Genin et al., 1995] was

responsible for the anomalous 13C depletion in the coral skeleton that winter-spring,

considering a possible covering of the coral colony and anerobic conditions at the base of

the mat. The algal mat had a thickness of only ~ 15 cm above the bottom, and therefore

corals growing on elevated substrates were not covered by algae [Genin et al., 1995].

The coral colony from which the core for this study was recovered is 0.85 m high,

growing solitary in front of the reef crest, and it can be assumed to have not been affected

by the algal mat. Because the 1991-1992 bloom event is thought to be the largest during

the last 48 years [Genin et al., 1995], algae covering of our colony during the period of

the coral record can therefore be excIuded. Considering a possible effect of the algal mat

on the DIC in the ambient water, an enrichment in Öl3C should be expected, which is

opposite to the anomalous Ö13C depletions in the coral skeleton. On the other hand, the

decay of the algal mat could have possibly caused a depletion in the Ö13C of the local

DIe. However, as our coral colony is growing in front of the reef crest and cIosely Iinked

to open sea conditions because of the steep submarine slope, we do not expect any

significant depletion in the öl3C ofthe local DIC owing to algal mat decay at this location.

Recently, S'pero et al. [1997], on the basis of experiments with foraminifers and

discussions of earlier results ofMcConnaughey [1989b], proposed that coral skeletal Ö13C

possibly becomes more depleted in l3C with increasing seawater [C03
2
-] and pB. In the

surface waters of the northern Gulf of Aqaba there are no significant changes in pH,

carbonate alkalinity, or total dissolved inorganic carbon during vertical mixing in winter

[Shemesh et al., 1994]. Therefore we can excIude deep mixing induced changes in the

carbonate system of the surface waters to create the anomalous l3C skeletal depletions in

our coral record.

One would expect that the maximum coral skeletal Ö180 value in a given year,

indicating the period of coldest SST (mid-March), always precedes an anomalous 13C

depletion, indicating extraordinarily large plankton blooms (mid-March to mid-May).

However, as our resolution is approximately bimonthly, it can not be expected that the

coral record preserves 1- to 2-month-scale time lags. Furthermore, differences in the

proxy signal preservation of different environmental forcing factors during skeletogenesis,

e.g. of sudden pulse events (plankton blooms) and annual cycles (SST), may complicate

the preservation of such smaIl-scale time lags in the coral skeletal Ö180 and Ö13C records

[Taylor et al., 1995; Barnes et al. , 1995]. This probably also explains the anomalous l3C

depletions apparently preceding the most positive Ö
180 values in one or two winters with

deep vertical mixing and increased plankton blooms in our coral record. Independent of

these uncertainties in small-scale timing, our results show that the coral successfully
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reeords large-seale late winter-spring eonditions (February to mid-May) in the water

eolumn, In summary, the eoral skeletal Öl3C reeord provides a proxy for the interannual

oeeanographie variability in the northern Gulf of Aqaba, whieh ean sometimes be

influeneed by the cooling following large tropieal volcanie eruptions,

2.5. Conclusions
Our findings provide suppoli for the idea that ehanges in the autotrophy-heterotrophy

diet of eorals play an important role in the Öl3C variability of their skeletons, The

anomalous l3C skeletal depletions in our eoral reeord, indieating deep vertieal mixing and

inereased plankton bloom events in the northern Gulf of Aqaba (Red Sea), ean be best

explained by inereased heterotrophie feeding on zooplankton during extraardinarily large

plankton blooms, Inereased heterotrophie feeding on l3C-depleted zooplankton or

inereased heterotrophy at the expense of autotrophy by the eoral ean both result in a l3C_

depleted eoral skeleton, Validation of our eonclusions awaits testing with eoral reeords

from other loeations and experimental evidenee, If our eonclusions are substantiated, then

our results promote the applieability of seasonal skeletal Öl3C reeords from eorals whieh

change from autotrophy under normal eonditions to inereased heterotrophy during

extraordinary bloom events as potential indieator of oeean paleoproduetivity at

interannual resolution, Of course, there will be a restrietion to speeifie oeeanographic

settings with bloom events at the interannual scale (e,g., regions with monsoon-driven

upwelling) and where instrumental data of the past several years (insolation, plankton or

chlorophyll, and Ö
l3C of DIC) are available far calibration with the coral record. Because

ocean productivity variations are always linked to oceanographic and climatic changes,

the study of long skeletal Ö13C recards of these specific corals, modern and fossil

colonies, may lead to a better understanding of past climate variability, available from no

other source.
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3. First results of a coral-based history of recent c1imate in the northern

Red Sea

Published as:

Felis, T., 1. Pätzold, G. Wefer, M. Fine, Y. Loya, and A. H. Nawar, First results of a

coral-based history of recent climate in the northern Red Sea, Zbl. Geol. Paläont. Teil I,

1997/1-2,197-207,1998.

3.1. Abstract

The oxygen isotopic composltlOn of aPorites sp. coral from the Sinai peninsula

successfully records the large-scale seasonal variability in sea surface temperature of the

northern Red Sea. The 5-year oxygen isotope record strongly corre1ates with arecord of

sea surface temperature at the monthly timescale (r = -0.85). The seasonality ofthe coral

oxygen isotope record reveals about 78% of the seasonal sea surface temperature cycle.

The coral isotopic signal is probably reduced by about 12% due to seasonal changes in

the isotopic composition of the seawater. Also the mean annual oxygen isotopic signal

follows the sea surface temperature record. These first results demonstrate the

applicability of the oxygen isotopic composition of this Porites sp. colony for

reconstructing past climate variability in this region.
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3.2. Zusammenfassung
Die Sauerstoffisotopenzusammensetzung emer Porites sp. Koralle von der Sinai

Halbinsel zeichnet die großräumige saisonale Variabilität der

Oberflächenwassertemperaturen im nördlichen Roten Meer erfolgreich auf. Der

Sauerstoffisotopenverlauf über 5 Jahre zeigt eine hohe Korrelation mit aufgezeichneten

Oberflächenwassertemperaturen (r = -0.85), bezogen auf monatliche Werte. Die

Saisonalität des Isotopenverlaufs in der Koralle beschreibt etwa 78% des saisonalen

Zyklus der Oberflächenwassertemperaturen. Das Sauerstoffisotopensignal der Koralle ist

aufgrund von saisonalen Änderungen in der Isotopenzusammensetzung des Meerwassers

möglicherweise um etwa 12% reduziert. Auch die Jahresmittelwerte des

Sauerstoffisotopensignals folgen den aufgezeichneten Oberflächenwassertemperaturen.

Diese ersten Ergebnisse zeigen, daß sich die Sauerstoffisotopenzusammensetzung dieser

Porites sp. Kolonie zur Rekonstruktion der Klimavariabilität der Vergangenheit in dieser

Region eignet.

3.3. Introduction

Instrumental observations of c1imate in the northeast Africa/Middle East region only

extend back to around 1870, starting with the opening of the Suez Canal in 1869. These

records of air temperature or precipitation from weather stations [Baker et al., 1994] in

Cairo, Jerusalem and Suakin (Sudan), and ship-based observations of sea surface

temperature (SST) in the Red Sea [Slutz et al., 1985], are discontinuous. Continuous

observations of SST in the nOlihern Red Sea rarely span more than 20 years (Figure 3.1).

But centuries-Iong continuous c1imate records are essential for the reconstruction of

regional c1imate variability, as weIl as far understanding the interactions of the different

modes of the global c1imate system, as the EI Nino-Southern Oscillation (ENSO)

phenomenon, the Asian monsoon, the North Atlantic Oscillation (NAO) or the Atlantic

SST dipole. On the other hand, records from varied proxy sources (tree rings, banded

corals, varved sediments, ice cores) provide a tool for reconstructing past seasonal to

centennial-scale c1imate variability. These paleoclimatic records are also a central issue for

c1imate predictability as weIl as for the assessment of perturbations to the natural c1imate

variability through the anthropogenie injection offossil fuel CO2 into the atmosphere.
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Figure 3.1. Time series of the munber of ship-bascd instrumental SST observations per

month [Slufz ef al., 1985] in a 2°x2° grid box located in the northcrn Red Sea, centered at

27.0oN/35.0oE (Figure 3.2). Significant data gaps occur during the war years (1916-1920,

1939-1946 and 1967-1975) and before 1903.

The stable oxygen isotopic composltlon of century-old, annually banded massive

corals has been widely used for high-resolution paleoenvironmental reconstructions of

SST and/or sea surface salinity variability ofthe past several hundred years in tropical and

subtropical regions [Nozak; et al., 1978; Pätzold, 1986; Cole et al., 1993; Druffel and

Griffin, 1993; Quüm et al. , 1993; Dunbar et al., 1994; He;ss, 1994; Dnsley et al., 1994;

Quüm et al., 1996; Swart et al., 1996b, c; Charles et al., 1997; Crowley et al., 1997].

The Red Sea coast is fringed by a narrow belt of modern coral reefs, which are among the

most impressive reefs in the world. However, coral-based paleoenvironmental records

from the Red Sea are limited to a few studies, including HeLs's [1994], Kleül et al. [1997]

andSchragetal. [1997].

Corals build their skeleton of aragonite (CaC03) and grow at rates of millimeters to

centimeters per year. During growth, they incorporate isotopic species of oxygen into

their skeleton. The ratio of coral skeletal 180/160, repolied as (5
180, reflects the

environmental conditions in the ambient seawater during skeleton precipitation. The

primary influences on coral skeletal (5180 variability are the temperature of aragonite

formation and the (5180 of seawater. As temperature increases, there is a decrease in the

(5180 (depletion in 180) of the coral skeletal aragonite. In the tropical and subtropical

oceans, variations in the (5
180 of the seawater can result from evaporation (enrichment in

180), precipitation (depletion in 180), or runoff (depletion in 180). In the arid, desert

surrounded northern Red Sea the latter two factors can be neglected. In this region coral

skeletal (5180 variations have been shown to reflect primarily the seasonal SST cycle

[Klän et al. , 1992; Schrag et al., 1997].

Here we present first results ofa (5
180-based chronology ofthe last approximately 250

years from a northern Red Sea coral. The youngest 5 years of the record are investigated

to test the applicability of the (5
180 signal of this specific coral for the reconstruction of

large-scale SST variability in this region at the seasonal and interannual scale.
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3.4. Material and methods
On a "Red Sea Program on Marine Sciences"-cruise a coral core was recently

recovered from a fringing reef site at Ras Umm Sidd/Egypt (27°50.9'N, 34°18.6'E) near

the southern tip of the Sinai peninsula (Figure 3.2). The location is within the boundaries

of the Ras Mohammed National Park. The site is characterized by a narrow fringing reef

in shallow water which terminates abruptly. The morphology creates a steep reef wall

descending down to about 10-20 m, followed by a steep submarine slope down to the

depths of the Red Sea. The coral core was collected from a large hemispherical 2.6-m

high Porites sp. colony, using an underwater pneumatic drill with a 5-cm-diameter bit.

The core was drilled vertically, parallel to the main axis of coral growth. After drilling,

the hole was sealed with a carbonate plug to prevent bioerosion. The coral is still growing

at a water depth of about 5.5 m, located 20 m inside the reef front in a huge lagoon,

which is half-open to the sea. The location Ras Umm Sidd faces the Red Sea proper,

sheltering barrier reefs or islands do not exist (Figure 3.3). Therefore, the coral can be

considered to be closely linked to open-sea conditions in the northern Red Sea.
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Figure 3.2. Map of the nortllern Red Sea. The arrow indieates the sampling loeation of the

eoral eore at Ras Umm Sidd (Egypt) near the southern tip of the Sinai peninsula. The

shaded boxes indieate the loeations of the grid boxes for which eoarse-gridded instrumental

SST observations are available. The light-shaded box (2°x2°) represents the grid box for

the SST data from Slutz et al. [1985], the dark-shaded box (l °x 1°) represents the grid box

for the SST data from Reynolds and Smith [1994] (see also Figure 3.5b and 3.6).
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Figure 3.3. Ras Ulllm Sidd (SinailEgypt, northern Red Sea), view looking eastward. The

narrow fringing reef in shallow water whieh terminates abmptly ean be cIearly seen. The

IDeation of the Porites sp. eolony from whieh the eoral eore was recovered is indicated by

the white arrow. The Ras Umlll Sidd Iighthouse is loeelted on elllerged fossil reef terraces,

these reefs developed during periods of sea level high-stand in the Late Quaternary

[Gvirtzman et al., 1992; Gvirtzl7lan 1994].

The coral core was sliced into 3- to 5-mm-thick slabs parallel to the axis of growth.

X-radiograph positive prints of the slabs were used as a guide for continuous spot

sampling along the axis of maximum coral growth, following precisely the major growth

axis of a single fan of corallites (Figure 3.4). Carbonate powder sampIes were collected

by low-speed drilling using a dental tool with a 0.8-mm-diameter bit. The drilling depth

for sampling was about 2 mm. The growth rate of the coral averages 10 mm per year and

varies by about 4 mm. SampIes were taken at approximately 1-mm intervals along the

profile, providing nearly monthly resolution.

For isotopic analysis, we used a Finnigan MAT 251 mass spectrometer coupled to a

Finnigan automated carbonate device at the Fachbereich Geowissenschaften, Universität

Bremen (Germany). Long-term reproducibility, deduced from replicate measurements of

an internal carbonate standard (Solnhofen limestone of 63-80 j.lm), is less than ±0.07%o

for 0180 (lcr over a 1-year period). The value of 0 180 is

All measurements are reported relative to the Pee Dee belemnite (PDB) reference

standard. Calibrations of Porites 0180 variability suggest a temperature dependence of

about 0.18%o;oC [Gagan et al., 1994]. This relation is going to be more and more used

for the temperature interpretation of century-Iong Porites-based 0180 records [e.g.,
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Charles et aI. , 1997], taking the place ofthe Epstein et aI. [1953] equation in coral-based

paleoclimatic research, which suggests that the 8180 of biogenic calcium carbonate

decreases by about 0.22%0 for every l°e rise in water temperature.

-

Figure 3.4. X-radiograph positive print of the slab from the youngest segment of the core

from the annually banded Porites sp. coral from Ras Umm Sidd. The skeletal density

banding pattern of alternating bands of high (dark colour) and low (light colour) density

can be clearly identified. One year is represented by a low/high density-band couple. The

sampling profile for stable isotope analysis appears as white dots. Also shown are the

corresponding years of skeleton precipitation. The black bar in the upper right corner is 1

cm.

The coral 8180 time senes is constructed by setting the most positive 8180 values

equal to February of every year (on average, the coldest month of the year), assuming a

constant coral growth rate between February of every year, and interpolating linearly

between these fixed points for all further age assignments. This approach creates the

potential for a 1- to 2-month time-scale error in any given year, but it is the most

objective method for century-long coral 8180 records [Charles et aI., 1997]. The 8 to 13

coral 8180 values per year were interpolated linearly to 12 equally spaced values per year,

using the AnalySeries(1.0a7) software package [Paillard et aI. , 1996], providing a

monthly resolution for comparison with SST data.

The monthly SST data which are used for comparison with the coral 0180 record are

coarse-gridded SST observations in a 1°x 1° grid box in the northern Red Sea, including

the sampling location at Ras Dmm Sidd (Figure 3.2). These data are based on SST fields

blended from ship, buoy and bias-corrected satellite data [Reynolds and Smith, 1994].
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3.5. Results and discussion
For the northern Red Sea it has been shown that the seasonal SST variability (of about

7°C) is the major controlling factor of seasonal coral ö18a variations [Klein et al., 1992;

Schrag et al., 1997], because the ö18a ofthe seawater is nearly constant throughout the

year. In this arid, desert-surrounded region, with high insolation, high evaporation (~400

cm year"l) and negligible precipitation (~2.2 cm year"l) and runoff [Reiss and Hattinger,

1984], the seasonal salinity variability in the upper waters is about 0.5%0 [paldar and

Anati, 1979; Walf-Vecht et al. , 1992].

The coral Ö180 record is shown in Figure 3.5 as a time series. Coral Ö18a strongly

correlates with the observed montWy SST record. The correlation coefficient of r = -0.85

is significant at the 99.5% level. The SST record shows an average seasonal cycle of

about 7.4°C. When the calibration of Gagan et al. [1994] for coral öl8a-temperature

dependence is used (0.18%0/oC), the average coral Ö180 seasonality of 1.04%0 reveals a

temperature change of about 5.8°C, which is about 78% of the average seasonal SST

cycle.

The seasonal salinity cycle in the upper waters of the northern Red Sea is positively

correlated to the seasonal cycle of SST (Figure 3.5). This means highest salinity occurs

during periods of highest SST and strongest 180 depletions in the coral skeleton

(summer), and vice versa. High evaporation results in both a higher salinity and an

enrichment in the 18a ofthe seawater. Scaling ofthe 0.5%0 salinity variability [Paldar and

Anati, 1979; Walf-Vecht et al., 1992] by means ofthe standard öl80-salinity relation for

Red Sea waters [Craig, 1966] results in less than 0.15%0 seasonal Ö180 seawater change.

This calculated seasonal variation in the ö18a of the seawater and the seasonal SST cycle

should have opposing effects on the ö18
a in the coral skeleton, resulting in a reduced

coral skeletal ö18a signal (Figure 3.5). The seasonal Ö180 variability ofthe seawater has a

magnitude of about 14% ofthe seasonal coral skeletal Ö180 cycle. The coral ö18a signal

therefore is probably reduced by about 12%, due to seasonal changes in the isotopic

composition of the seawater. That means without seasonal Ö180 variations of the

seawater the coral skeletal Ö
180 record would have predicted about 89% of the average

seasonal SST cycle. Minor but significant contributions from variations in seawater ö18a
on the seasonal ö18

a cycle of northern Red Sea corals were recently reported by Schrag

et al. [1997].
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Figure 3.5. Time series of cora18180, SST, and salinity in the upper waters. The coral 8180

record strongly correlates with the observed monthly SST record (correlation coefficient r =
0.85, significant at the 99.5% level). The seasonal salinity variability of the seawater of

about 0.5%0 corresponds to less than 0.15%0 seasonal8180 seawater change [Craig, 1966].

This variation in seawater 8180 and the seasonal SST cycle should have opposing effects on

the 8180 in the coral skeleton, resulting in a reduced coral skeletal 8180 signal on the

seasonal scale. For locations see Figure 3.2. (a) Coral 8180 record from Ras Umm Sidd.

Note that the %o-PDB axis is inverted for better comparison with temperatures. (b) Monthly

SST record in a 1°x 1° grid box located in the northern Red Sea [Reynolds and Smith,

1994], including the sampling location. (c) Composite record of the monthly variation in

salinity for the upper 150 m of the Straits of Tiran, derived from measurements during

1974-1977, 1 average year is shown [Paldor and Anati, 1979]; same timescale as in (a) and

(b). The corresponding 8180 seawater values are indicated by the y-axis on the right,

calculated from its relation with salinity [Craig, 1966]; SMOW is the mean ocean water

standard.
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For comparison ofthe interannual variability in coral 8180 and SST, the monthly data

of every year were averaged into one value per year. The mean annual coral 8180 values

and the mean annual SST record show a good visual correlation at the interannual scale

(Figure 3.6), but the correlation coefficient of r = -0.73 is not statistically significant

because of only 4 data points. The range of the interannual variations in coral 8 180 is high

compared to changes in SST. The range ofthe interannual SST variability over the period

1991-1994 is about 0.5°C. Coral 8180 variations predict a much higher interannual SST

variability of about 1°C over this period, although the coral 8180 seasonality reveals only

about 78% of the seasonal SST cycle, as discussed before. The average seasonal

variations in the isotopic composition of the seawater cannot account for this

amplification ofthe mean annual coral 8180 signal in terms oftemperature interpretation.
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Figure 3.6. Time series ofthe interannual coral 8180 and SST [Reynolds and Smith, 1994]

variability over the period 1991-1994. The mean annual coral8180 and SST values show a

good visual (but statistically not significant) correlation.

Apparently a different process works here. Probably a significant proportion of the

mean annual coral 8180 signal is the result of large-scale regional changes in the isotopic

composition of the seawater of the northern Red Sea at the interannual scale. Southern
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Red Sea and especially northern Indian Ocean surface waters are depleted in 180 relative

to the northern Red Sea [Ganssen and Kroon, 1991]. Variations in the intensity of lateral

input of 180-depleted surface seawater by the northward currents from the southern Red

SealIndian Ocean region at the interannual scale could be a possible explanation for the

amplified coral 0180 signal. Klein et al. [1997] recently reported for southern Red Sea

corals, that over the seasonal cyc1e, changes in SST and surface water 0180 work in

opposite directions, resulting in a reduced coral 0180 signal, whereas on the interannual

timescale changes in SST and water isotopic composition combine to produce an

amplified coral 0180 c1imate signal. This signal is driven by interannual variations in the

intensity of surface water influx from the Indian Ocean to the Red Sea. However, befare

drawing a conc1usion on this aspect for our northern Red Sea coral, there is the need of

extending the coral 0180 record from Ras Umm Sidd.

In summary, these first results demonstrate that the seasonal 0180 variations of our

coral successfully record the seasonal SST variability in the northern Red Sea. Also at the

interannual scale the mean annual coral 0180 signal follows the mean annual SST

variations. The record will be extended back to approximately 1750, this date is deduced

from density-band counting of the entire coral core. The Ras Umm Sidd coral core wiII

provide a continuous record of c1imate variability over the last 250 years for the northeast

Mrica/Middle East region, thereby extending the discontinuous instrumental observations

and supporting other proxy records from the area.
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4. A coral oxygen isotope record of temperature, aridity, and deep water

formation from the northern Red Sea since the year 1750

To be submitted as:

Felis, T., 1. Pätzold, Y. Loya, M. Fine, A. H. Nawar, and G. Wefer, A coral oxygen

isotope record of temperature, aridity, and deep water formation from the northern Red

Sea since the year 1750.

4.1. Abstract

A 245-year coral oxygen isotope record from Ras Umm Sidd (Egypt) near the

southern tip of the Sinai Peninsula in the desert-surrounded northern Red Sea is

presented. The record provides a bimonthly-resolution time series from a subtropical

location (~28°N) at the northern rim ofthe African-Asian arid belt. The coral o180-based

sea surface temperatures (SSTs) suggest that mean annual SSTs between 1751 and 1900

were ~O.3°C lower than the 20th century average. The coral record, supported by

instrumental and proxy records of climate, reveals new aspects on large-scale Middle East

climate variability on the interannual to interdecadallmultidecadal timescale. During

colder periods the northern Red Sea region is more arid (higher evaporation) whereas the

eastern Mediterranean region in the north is wetter. During warmer periods the northern

Red Sea region is less arid (lower evaporation) whereas the eastern Mediterranean region

is drier. This pattern is explained by variations in the latitudinal position of the subtropical

westerly jet stream, the associated subtropical high-pressure belt, and therefore the



39

descending branch of the northern Hadley cell with its subsiding air, as weil as of the

moisture bringing North Atlantic westerlies which are located in the nOlih of this system.

The northern Red Sea is probably the only site in the world oceans where water mass

formation occurs and reef corals grow. The winter 6180 values of the coral record can be

used to detect episodic events of deep water formation of the Red Sea thermohaline

circulation during anomalously arid and cold winters, which are sometimes associated

with EI Nifio events and large volcanic elUptions. The Ras Umm Sidd coral record

therefore provides a valuable source of information on Middle East climate and Red Sea

ocean history and mayaIso support reconstlUctions of past climate variability on much

larger timescales from the region.

4.2. Introduction

In most areas of the tropics and subtropics continuous instlUmental observations of

climate rarely span more than 30-40 years and therefore cannot resolve the fuH range of

interannual- to interdecadal-/multidecadal-scale climate variability. Coral records from the

tropical and subtropical reefs provide a tool for reconstlUcting continuously the climate

variability of the past several hundred years, thereby extending the instlUmental records.

The stable oxygen isotopic composition of centuries-old, annuaHy banded, massive corals

has been widely used for high-resolution (annual to near monthly) reconstlUctions of sea

surface temperature (SST) and/or sea surface salinity [e.g., Pätzold, 1984, 1986; Cole et

al. , 1993; Dunbar et al. , 1994; Heiss, 1994; Quinn et al., 1996; Charles et al., 1997;

Crowley et al. , 1997; Quinn et al. , 1998; Kuhnert et al., 1999]. Massive corals build their

skeletons of aragonite and grow at rates of millimeters to centimeters per year. During

growth, they incorporate isotopic species of oxygen into their skeletons. The ratio of

coral skeletal 180/160, reported as 6180, reflects the environmental conditions in the

ambient seawater during skeleton precipitation. The primary influences on coral 6180

variability are (1) the temperature of aragonite formation and (2) the 6180 of the

seawater. (1) As temperature increases, there is a decrease in the 6180 (depletion in 180 )

of the coral skeletal aragonite. (2) Variations in the 6180 of the seawater can result from

evaporation (enrichment in 180 ), precipitation (depletion in 180), or IUnoff (depletion in
180). High evaporation results in both an enrichment in the 6180 of the seawater and a

higher salinity, high precipitation or IUnoff has opposing effects. Because of this, salinity

variations, if driven through evaporation, precipitation or IUnoff, closely covary with the

6180 variations ofthe seawater.

Here we present results from a 245-year coral 6180 record from a subtropical northern

hemisphere site (~28°N). The location Ras Umm Sidd near the southern tip of the Sinai

Peninsula in the desert-surrounded northern Red Sea can be considered as unique under

several aspects. (1) Despite the extremely arid environment at the northern rim of the

Mrican-Asian desert belt, the climate regime of the Mediterranean Sea with its wet

winters is located in a distance of less than 500 km to the north. (2) The narrow fringing
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reefs of the northern Red Sea are directly exposed to open-sea conditions owing to a

steep submarine slope. Depths of >900 mare reached within 2 km from the sampling site.

(3) The deep water formation of the Red Sea thermohaline circulation occurs here at the

extreme north ofthe basin. To the best of our knowledge the northern Red Sea is the only

site in the world oceans where water mass formation occurs and reef carals grow. (4) In

contrast to other coral-based paleoclimatic studies from remote tropical/subtropical

locations instrumental observations of climate in the Middle East extend further back into

the past owing to the existence of old cities in the region (Cairo, Jerusalem, Alexandria).

These instrumental records, though not continuous, provide a unique opportunity far the

verification of the large-scale regional climatic information derived from the coral proxy

record during parts of the second half of the 19th century. (5) Furthermore, due to the

subtropical setting also a tree-ring chronology is available for supporting some of the

climatic information derived from the coral record.

4.3. Study area

4.3.1. Climate and oceanography

The study area is located near latitude 28°N at the northern rim of the African-Asian

arid belt, near the southern tip of the Sinai Peninsula which represents the northern

boundary of the Red Sea proper (Figure 4.1). The climate of the region is dominated by

the subtropical high-pressure belt and therefore by the descending branch of the northern

Hadley cell, where large-scale descending motions warm and dry the atmospheric

boundary layer. In general, the warming and drying ofthis subsiding air near latitudes 30°

is considered as the major cause of aridity in the subtropics. Above the subtropical high

pressure belt and the descending limb of the Hadley cell the subtropical westerly jet

stream is located at about 12 km height [Buckle, 1996; Barry and Chorley, 1998].

The Red Sea is a long (~2000 km) and narrow (~280 km) desert-enclosed basin with

depths of up to 2800 m (Figure 4.2). It is connected to the Indian Ocean in the south by

the narrow and shallow (~140 m) Strait of Bab-el-Mandab. The climate is extremely arid

with high evaporation and negligible precipitation and runoff. The estimated net

evaporation is ~200 cm/yr [Morcos, 1970; Ahmad and Sultan, 1989]. Therefore, the Red

Sea is an evaporative basin. The Red Sea circulation is mostly driven by thermohaline

forcing, wind forcing is secondary [Eshel et al., 1994]. The excess of evaporation over

precipitation causes a northward surface inflow through the Strait of Bab-el-Mandab.

High evaporation in the northern Red Sea and low evaporation in the southern Red Sea

depresses the sea level in the extreme north compared to the middle and southern part of

the basin. This slope drives the thermohaline circulation and controls water mass

formation [Eshel and Naik, 1997; Eshel et al., submitted 1998]. At the northern end of

the Red Sea deep water is formed and gives rise to a southward-flowing current [Cember,

1988].
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Figure 4.1. Map of the large-scale atmospheric phenomena that influence Middle East

climate. The distribution of smface pressure (H, L), winds (solid arrows), and precipitation

is shown; dotted areas indicate a monthly precipitation of 50-400 mm. The average

positions of the subtropical westerly jet stream (open arrow), together with the

Mediterranean Front (MF) and the Monsoon Trough (MT), are also shown. (a) Winter

conditions (January). (b) Summer conditions (July). (Modified from Barry and Chorley,

1998). The location Ras Umm Sidd is indicated by astar.
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Figure 4.2. Map of the northern Red Sea. The location Ras Umm Sidd is indicated by a

star. The suggested site of episodic, intermittent deep water formation located in the center

of the cyclonic gyre [Eshel and Naik, 1997; Clifford et al., 1997] is indicated by a cross.

The suggested collision site of the (former) eastern boundary current (EBC) and the

western boundary current (WBC) where intermediate water is formed [Eshel and Naik,

1997] is indicated by a triangle.

A numerical model [Eshel and Naik, 1997] shows that northward-flowing boundary

currents are the major elements of the Red Sea surfaee cireulation. In the northern Red

Sea the main dynamieal features are two boundary eurrents whieh flow north along the

eastern and western coasts (Figure 4.2). The eollision of these two eurrents takes place

slightly south ofthe northwest eorner ofthe Red Sea near the western coast (~26°N). At

this loeation northward and southward flowing western boundary eurrents collide, after

the one whieh originally flows to the north along the eastern boundary turns eyclonieally,

follows the northern boundary, and flows to the south along the western boundary. The

southward flowing western boundary eurrent is somewhat denser, due to haline
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preconditioning of the upper-layer water, which occurs throughout the entire northward

journey of the surface water from the Strait of Bab-el-Mandab, and a resulting Ionger

path. Therefore this former eastern boundary current subducts under the lighter western

boundary current at the collision site, and intermediate water (~1 km) is formed. The

subduction forces the western boundary current eastward into the interior. The process

ceases in summer [Eshel and Naik, 1997].

In addition to this shaIlow-convective, subductive mode of intermediate water

formation, which is the regular process in the cIimatology, Eshel and Naik speculate on an

episodic, deep-convective formation process, which is entirely absent from the

cIimatological conditions. It is related to shOli-lived intense atmospheric events, which

are suppressed in cIimatological forcing, and is thought to occur in the center of the

cyclonic gyre in the northern Red Sea, where the cIimatological winter stratification is the

weakest [Eshel and Naik, 1997]. The existence of a cyclonic gyre in the northern Red

Sea is further supported by observed tracks of surface drifters [CI?fford et a!., 1997].

Clifford et aI. also speculate on the center of this gyre as a location of intermittent deep

convection during wintertime, because deep convection occurs preferentially in cyclones

due to the fact that the shallower thermocIine and halocIine in the center of the vortex are

more easily eroded by the wintertime heat loss and evaporation to the atmosphere. That

the deep water formation of the Red Sea is intermittent rather than continuous every

winter was first shown by the work of Woelk and Quadfasel [1996], which suggests that

the event-like character of the deep water formation is strongly linked to interannual

variations of the meteorological forcing. However, WoeIk and Quadfasel suggest that

slope convection from the Gulf of Suez and not open ocean convection in the northern

Red Sea is the process responsible for Red Sea deep water formation.

4.3.2. Seasonal c1imatology

Gridded SST observations from the northern Red Sea show a seasonal cycle of nearly

6°C [Levitus and Boyer, 1994] to 7°C [Reynolds and 5'mith, 1994] for the grid box

incIuding Ras Umm Sidd (Figure 4.3a). Winter minimum SSTs are ~22°C (February) and

summer maximum SSTs are ~28°C (August). The seasonal cycle of sea surface salinity is

~1.9 practical salinity units (psu) in the corresponding grid box [Levitus et a!., 1994].

However, according to a composite record (1974-1977) from the upper 150 m of the

nearby Straits of Tiran the seasonal cycle of salinity is only ~0.5%0 [Paldor and Anati,

1979]. Both records show maximum salinities during the summer months (August,

September) and minimum salinity values during the rest of the season (Figure 4.3c).

Scaling of the seasonal salinity variability of 1.9%0 [Levitus et a!., 1994] and 0.5%0

[Paldor and Anati, 1979] by means of the standard Ö180SMOW-salinity relations for Red

Sea waters (slopes: 0.29; 0.291) [Craig, 1966; Andrie and Merlivat, 1989] results in

~O.54%0 and ~0.14%0 seasonal Ö180PDB seawater change, respectively. Considering the

mean of these two values as the best approximation, the amplitude of the seasonal
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changes in the 8180 composition of the surface waters is small compared to the seasonal

SST changes. Both seasonal cycles should have opposing effects on the 8180 composition

in coral skeletons, resulting in a reduced coral 8180 signal on the seasonal timescale.

Several studies showed that in the northern Red Sea coral 8180 variations on the seasonal

timescale primarily reflect the seasonal SST cycle [Klein et al. , 1992; Felis et al. , 1998a],

with minor but significant contributions from variations in salinity [Schrag et al., 1997;

Eshel et al. , submitted 1998].

The evaporation minus precipitation c1imatology calculated by da ,Silva [1994] for the

northern Red Sea shows a c1ear seasonal cycle (Figure 4.3b) with maximum values during

the cold winter season (December-January-February). The seasonal cycle of precipitation

with its maximum in April is negligible. Earlier calculations also identified the winter

(January) as the evaporative season in the northern Red Sea [Privett, 1959], and more

recent calculations come to the same conclusion [Ahmed and Sultan, 1989]. The work of

Eshel [1996] explains this evaporation pattern with the stronger Hadley circulation in the

winter hemisphere. During northern winter, the large-scale descending motions over the

northern Red Sea intensify, warming and drying the atmospheric boundary layer [Eshel,

1996].

An additional explanation for the winter as the evaporative season could be the

latitudinal shift of the descending branch of the Hadley cell, the associated subtropical

high-pressure belt, and the associated subtropical westerly jet stream in the upper

troposphere on the seasonal timescale. The subtropical high-pressure belt with its

subsiding air moves a few degrees equatorwards in winter and polewards in summer

[Buckle, 1996; Bany and Chorley, 1998]. During the winter season its location over the

northernmost Red Sea is in coincidence with the maximum evaporation in this region

(Figures 4.1a and 4.3b), which is arid throughout the year. At the same time the

Mediterranean region in the north is under the influence of the North Atlantic westerlies

and the associated storm tracks which provide much of the atmospheric moisture

transport to this region, resulting in the typical Mediterranean winter rains. During the

summer season the subtropical high-pressure belt shifts north, accompanied by a

northward shift of the North Atlantic westerlies (Figure 4.1b). This brings dry and hot

conditions to the Mediterranean region in summer [Bany and Chorley, 1998]. The lower

evaporation in the northern Red Sea during the summer season is therefore probably in

addition to the weaker Hadley circulation also due to the northward shift of the zone of

maximum atmospheric subsidence which is associated with the subtropical high-pressure

belt. The seasonal change in the position of the subtropical high-pressure belt at the

surface and the associated subtropical westerly jet stream in the upper troposphere is

shown in Figures 4.1a and 4.1b.
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Figul'e 4.3. Monthly climatology for environmental parameters from grid boxes 10eated in

the nort11ern Red Sea, including the sampling 10eation Ras Umm Sidd. (a) Sea surfaee

temperature (SST); solid line: U.S. National Meteorologieal Center (NMC)/IGOSS dataset

[Reynolds and Smith, 1994], slash-dotted line: da Si/va et al. [1994], dotted line: COADS

dataset [Slutz et al. , 1985; WoodrufJet al. , 1993], broken line: Levitus and Boyer [1994].

(b) Constrained evaporation minus preeipitation (solid line), and preeipitation (broken line)

[da Silva et al. , 1994]. (e) Sea surfaee salinity (solid line) [Levitus et al. , 1994] and salinity

in the upper 150 m of the Straits of Tiran (broken line) [Paldor and Anati, 1979]. (d)

Mixed layer depth (IGOSS sio climatology). "psu" is praetical salinity units.
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In the northern Red Sea the summer is the season of maximum salinity in the surface

waters whereas the winter is the season ofmaximum evaporation (Figure 4.3b and 4.3c).

This apparent contradiction is probably due to the fact that during the summer the upper

ocean is highly thermally stratified and therefore the effect of evaporation is concentrated

on the upper waters, resulting in high salinities in the surface waters. The higher

evaporation during the winter is probably masked in the salinity signature of the surface

waters due to water column overturn during that season. In the climatology the maximum

net evaporation coincides with the timing of the maximum mixed layer depth of more

than 300 m in February and shows no effect on the corresponding salinity signature of the

surface waters (Figure 4.3b, 4.3c and 4.3d).

4.3.3. Instrumental observations of climate in the region

Instrumental observations of SST in the northern Red Sea started with the opening of

the Suez Canal in 1869. These measurements are taken by ships of opportunity, primarily

along the major shipping route from Suez to the Strait of Bab-el-Mandab in the south.

These observations are available as coarse-gridd(.d SST time series [Stutz et al., 1985;

Woodruff et al. , 1993]. However, significant data gaps occur during the war years and

before 1903 (Figure 4.4a). Therefore, continuous instrumental observations of SST

variability from the region rarely span more than 20 years and do not extend reliably into

the 19th century. Long land-based instrumental observations of air

temperature/precipitation are available from weather stations in Cairo, Jerusalem, and

Alexandria [Baker et al. , 1994] to the north of the sampling site. Some of these records

extend back into the second half of the 19th century but are also discontinuous. However,

during the second half of the 19th century these records are possibly more reliable than

the rare ship-based SST observations in the nOlihern Red Sea. To the south of the

sampling location no long instrumental records from weather stations are available in a

comparable distance.

4.4. Material and methods

4.4.1. Coral core collection and sampling site

A coral core (RUS-95) was recovered in the end of November 1995 from a fringing

reef site at Ras Umm Sidd (27°50.9'N, 34°18.6'E) near the southern tip of the Sinai

Peninsula (Egypt) at the northern end of the Red Sea proper (Figure 2), as part of the

"Red Sea Program on Marine Sciences" [e.g., Kaiser, 1998]. The location can be

considered to be affected by the northwestward-flowing eastern boundary current, now

flowing to the southwest following the northern coast after turning cyclonically [Eshet

and Naik, 1997]. The sampling site is located in the Ras Mohammed National Park [e.g.,

Ornlond et al. , 1997]. The core was collected from a hemispherical 2.6-m-high coral

colony (Porites sp.), using an underwater pneumatic drill with a 5-cm-diameter bit. The

core was drilled vertically, parallel to the major axis of coral growth, to the bottom of the
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colony. After the drilling procedure the borehole was sealed with a carbonate plug to

prevent bioerosion. Visual inspection in March 1996 and December 1996 revealed that

the drilling did not harm the huge coral and that the colony' s living surface started to

overgrow the plug.

The location Ras Umm Sidd is characterized by a narrow fringing reef in shallow

water which terminates abruptly. The morphology creates a steep reef wall descending to

about 10-20 m, followed by a steep submarine slope down to the depths of the Red Sea.

Depths of >900 mare reached within 2 km fi·om the sampling site. The coral colony is

growing at a water depth of ~5.5 m, located 20 m inside the reef front in a huge lagoon

(relative to the narrow fringing reet), which is half-open to the sea. The reeffaces the Red

Sea proper to the southeast, sheltering barrier reefs or islands do not exist. Therefore the

coral can be considered to be directly exposed to open-sea conditions in the northern Red

Sea.

4.4.2. Sampling, chronology construction, and stable isotope analysis
The drilled segments provide a 2.6-m-long continuous core without any gaps between

the segments. The core was sliced into 3- to 5-mm-thick slabs parallel to the axis of coral

growth. X radiograph positive prints of the slabs revealed a c1ear skeletal density-banding

pattern of alternating bands of high and low density and were used as guides for spot

sampling along the axis of maximum coral growth, following precisely the major growth

axis of single fans of corallites. This sampling technique limits the influence of "kinetic"

isotope disequilibria effects [McConnaughey, 1989a, b]. According to the terminology of

Cohen and Hart [1997] the sampling profile always followed the central axis of the

highest bumps. SampIes were collected by low-speed drilling using a dental tool with a

0.8-mm-diameter bit. The average growth rate ofthe coral is -10 mm/yr and our average

sampIe spacing of -1.5 mm provides an average resolution of more than 6 sampIes per

year. The drilling depth for sampling was controlled to be -2 mm, to minimize the

amount of sampled aragonite powder and therefore the range of age integration for a

specific sampIe owing to possible changes in colony topography within the thickness of

the slab. After each sampIe collection the slab and the bit were cleaned with pressure air

and the latter was additionally cleaned with a brush. The bit was inspected under a

microscope each 10 sampIes and replaced by a new one if necessary. The sampling

laboratory was c1eaned each 50 sampIes with a hoover. X radiograph positive prints of

the sampled coral slabs were used as controls for evaluating the position of the sampling

profile. The control X radiographs revealed that the sampling profile follows precisely the

major growth axis of single fans of corallites, i.e., the central axis of the highest bumps,

during the entire coral record.

The coral chronology is constructed by setting the maximum 0180 value in a given

year equal to mid-February (consistent with the c1imatological minima in SST) and

assuming a constant coral growth rate between February of every year. Therefore we

interpolated linearly between these fixed points for further age assignments. This
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assumption can produce a 1- to 2-month time-scale error in any given year, but it is the

most objective method [e.g., Charles et al. , 1997]. The resulting values were interpolated

linearly to 6 equally spaced values per year, using the AnalySeries 1.1 software package

[Paillard et al. , 1996], providing a bimonthly resolution (January-February, March-April,

May-June, etc.) for comparison with environmental data. Mean annual values were

calculated as the average of the six bimonthly interpolated values of a given year. In all

cases were correlation coefficients are given the environmental/proxy data were

bimonthly interpolated, and mean annual values were calculated from the bimonthly

values. The strong seasonal cycle in (5
180 was used to count annual layers in the coral,

supported by the density-banding pattern. The coral shows a consistent pattern of low

density-band creation during the winter season and high-density-band creation during the

summer season. According to this combined method the Ras Umm Sidd coral record

extends from fall 1750 to fall 1995. We assigned an age estimate error of ±O years to the

interval 1925-1995, of ± 1 years to 1783-1924, and of additionally ±1 years to 1750-1782,

respectively. Therefore the chronology is assigned a maximum cumulative error of ±2

years at the bottom of the core. The annual coral growth rate (e.g., for the year 1990)

was calculated as the distance from a maximum (5
180 value in a given year (1990) to the

maximum value of the following year (1991), i.e., from mid-February (1990) to mid

February (1991) according to our age model.

For oxygen isotopic analysis, we used a Finnigan MAT 251 mass spectrometer

coupled to a Finnigan MATautomated carbonate device at the stable isotope laboratory

of the Department of Geosciences at Bremen University, Germany. Long-term

reproducibility for (5
180, deduced from replicate measurements of an internal carbonate

standard, is less than ±0.07%o (1cr over a 3-year period). Isotopic values are reported

relative to the Pee Dee belemnite (PDB) reference standard. The coral stable carbon

isotope data ((5
13C) will be discussed elsewhere. The Ras Umm Sidd coral (5180 data will

be archived in digital form at the PANGAEA (PaleoNetwork for Geological and

Environmental Data) database, AWIIMARUM, BremerhavenIBremen, Germany

(<http://www.pangaea.de>) and at the World Data Center-A for Paleoclimatology,

NOAAINGDC, Boulder CO, USA (<http://www.ngdc.noaa.gov/paleo/paleo.html>).

Figure 4.4. (a) Number of ship-based sea surfaee temperature (SST) obselVations per

month in the northern Red Sea (COADS dataset [Slutz et al. , 1985; WoodrufJet al. , 1993])

in the grid box (2°x2°, eentered at 27.0oN, 35.0 0 E) including Ras Umm Sidd. Signifieant

data gaps oeeur around the war years (1917-1918, 1940-1945, 1967-1975) and before 1903.

High numbers in the early 1990s are possibly due to inereased aetivities during the Gulf

War? (b) Comparison of the bimonthly Ras Umm Sidd eoral 8180 reeord and

eorresponding SST obselVations (same grid box as in (a)). (e) Same as in (b), but for mean

annual values (January-Deeember). (d) Same as in (b), but for summer values (July

Oetober). (e) Same as in (b), but for winter values (Janumy-April). Correlation eoeffieients

are given for intelVals of eontinuous SST obselVations (signifieant at the 99.5%, *99%,

**97.5%, ***95%, and ****90% level, respeetively; § == not signifieant) whieh are

indieated by shading. The y-axes have been sealed so that 1°C == 0.2%0 PDB.
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4.5. Results and discussion

4.5.1. Comparison with instrumental tempel'ature observations

A preliminary study to test the applicability ofthe Ras Umm Sidd (RUS-95) coral core

for paleoclimatic studies [Fehs et al. , 1998a], providing a monthly-resolution time series

for the interval of 1990-1994, revealed a clear seasonal coral 8180 cycle which strongly

correlates with northern Red Sea SST observations (r = -0.85, significant at the 99.5%

level). A comparison ofthe coral 8180 record and coarse-gridded SST observations from

the northern Red Sea (COADS dataset [Slutz et al., 1985; Woodruff et al., 1993]) is

presented in Figure 4.4. At the seasonal (bimonthly) timescale (Figure 4.4b) there is a

strong (r = -0.81 to -0.87) and highly significant correlation (99.5% level) between coral

8180 and SST during the intervals of overlap (1876-1916, 1919-1939, 1946-1966, and

1976-1992). We therefore conclude that on the seasonal timescale the coral is primarily

recording information on SSTs.

However, correlation exercises on the seasonal timescale tend to inflate correlation

coefficients and do not imply much on the quality of the reconstructed interannual-scale

SST variabilty derived from coral records. A rigorous test for the applicabilty ofthe coral

8 180 data in reconstructing interannual-scale SST variability is the correlation ofthe mean

annual values (Figure 4.4c). For the interval of 1976-1992 the correlation is only

moderate (r = -0.49, 97.5% level). However, for the interval of 1946-1966 there is a

strong and highly significant correlation (r = -0.72, 99.5% level). Before 1939 the

correlation is not significant (1919-1939) or only weak (1876-1916), which could

possibly reflect biases in the quality of the COADS-based SST observations during these

intervals and before 1903 additionally the low number of observations, but this remains

speculative.

The great advantage of climate proxy records derived from coral stable isotopes

compared with dendroclimatic studies is the potential of reconstructing climate variability

at the seasonal timescale. Figures 4.4d and 4.4e show the summer and winter

reconstructions derived from the bimonthly coral 8180 time series. The strong and highly

significant correlations (99.5% level) for mean annual (r = -0.72), summer (r = -0.70),

and winter values (r = -0.59) during the interval of 1946-1966 are striking. It can be also

seen that the only moderate correlation of the mean annual values in the most recent

interval (1976-1992) appears to be a result of the moderate correlation of the summer

values during that period.

Another source of information about past SST variability is the reduced space optimal

smoother analysis of the MOHSST5 global SST anomalies [Kaplan et al., 1998]. This

analysis uses present-day temperature patterns to enhance the meager data available in the

past and has been applied to the global SST record MOHSST5 from the u.K.
Meteorological Office [Bottomley et al., 1990; Parker et al., 1994], which has more

thorough corrections for long-term trends caused by instrumental changes and a more

careful quality control compared with the COADS dataset of Slutz et al. [1985] and

Woodruff et al. [1993]. A comparison between the results of this analysis for the northern
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Red Sea and the coral 8180 data is presented in Figure 4.5. The correlation between the

mean annual values is weak (r = -0.37) but highly significant (99.5% level). For the

periods of continuous COADS SST observations (see also Figure 4.4) there is a

comparable strang correlation during the 1946-1966 interval (r = -0.72,99.5% level). As

for COADS SSTs, there is no significant correlation during the 1919-1939 interval. In

contrast to the correlation with COADS SSTs there is a stronger and more significant

corre1ation (r = -0.42, 99.5% level) for the earliest period of SST reconstruction (1876

1916). We like to point out again that errms in the SST observations for the time befme

1945 may be partly responsible for the weak correlations between SST and coral 8180 on

the interannual timescale.
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Figure 4.5. Comparison of the Ras Umm Sidd coral 8180 record and the reduced space

optimal smoother analysis of the MOHSST5 SST anomaly [Kaplan et al. , 1998] for the

grid box including the northern Red Sea and Ras Umm Sidd (5°x5°, centered at 27.5°N,

32.5°E), for mean annual values (thin broken line). The correlation coefficient for the

entire period (1856-1991) is -0.37, significant at the 99.5% level. Correlation coefficients

are additionally given for the same intervals as in Figure 4.4, which are indicated by

shading (99.5% level; § = not significant). The bold solid line represents a 3-year running

average.

The reason for the weak corre1ation between the mean annual coral 8180 values and

SSTs during the most recent interval remains obscure (Figure 4.4c and 4.5). With respect

to the COADS-based SSTs (1976-1992) the correlation is moderate (-0.49,97.5% level),
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with respect to the KAPLAN-based SSTs (1976-1991) the correlation is not significant.

However, we like to point out that during the interval of 1982-1992 the correlation

coefficient (r) between the mean annual coral 6180 values and the COADS-based SSTs is

-0.53, significant at the 95% level; whereas no significant correlation (r = -0.19) exists

with the corresponding SSTs from the U. S. National Meteorological Center

(NMC)/IGOSS dataset [Reynolds and ,Smith, 1994] (results not shown here). We are left

with the conclusion that even the different datasets of SST observations show

discrepancies for the northern Red Sea, which is a narrow basin with respect to the world

oceans. However, because of the weak (r = -0.37) but highly significant correlation

(99.5% level) between mean annual coral 6180 and the KAPLAN-based SSTs during the

entire period ofoverlap (1856-1991), and because ofthe strong (r = -0.72) and highly

significant (99.5% level) correlation with KAPLAN- and COADS-based SSTs during the

interval of 1946-1966, we conclude that the Ras Umm Sidd coral 6180 record gives a

reasonable approximation ofthe large-scale SST variability in the northern Red Sea at the

interannual timescale.

A verification of this conclusion is provided by a comparison of the mean annual coral

6180 record and long instrumental records of air temperature from weather stations

[Baker et al. , 1994] in Cairo and Jerusalem (Figure 4.6a), old cities which are located

several hundred kilometers to the north of Ras Umm Sidd (Figure 4.2). There are striking

similarities in the interannual- to decadal-scale temperature variability especially during

the second half of the 19th century, but also during the mid-20th centUly. This suggests

that the Ras Umm Sidd coral record captures the large-scale regional aspects of Middle

East temperature variability and therefore provides a proxy record of climate which

improves and extends the discontinuous and short instrumental observations from the

regIOn.
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Figure 4.6. Comparison of the Ras Umm Sidd coral Ö
l80 record and instrumental

observations of (a) air temperature and (b) precipitation [Baker et al., 1994]; Jerusalem

precipitation is derived from the work of Rosenan [1955]. 3-year running averages of mean

annual values are shown, except for precipitation in (b) which are 5-year running averages.

Records from the Cairo region include the World Meteorological Organization (WMO)

stations Cairo, Cairo H.Q., Giza, and Helwan. Note that the precipitation scale (b) has been

reversed for direct comparison with the coral record. See Figure 4.2 for locations.
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4.5.2. Calibration with SSTs

High-resolution calibrations of Porites 8180 variability suggest a temperature

dependence of ~0.18%o;oC [Gagan et al. , 1994]. When this calibration is applied to the

bimonthly coral time series, the 8180 seasonality ofthe Ras Umm Sidd Porites reveals an

average seasonal temperature change of ~4.3°C for the intervals of continuous SST

observations. This is more than 74% of the average seasonal SST cycle of 5.8°C,

according to the bimonthly interpolated data from the corresponding grid box of the

COADS dataset [Slutz et al., 1985; Woodrz!ffet al., 1993]. Calibrating the bimonthly

coral 8180 with these SSTs during the most recent intervals of continuous observations

(1946-1966 and 1976-1992) reveals a SST-coral 8180 relationship of -6.05°C/%0

(0. 165%o;oC). The calculation ofa Pearson's correlation coefficient (r) for the bimonthly

values produces a relation that can be expressed by the equation

r = -0.86 (99.5% level) (1)

This relationship is different than the widely recognized "standard values" of 

4.5°C/%0 (0.22%0/oC) for calcite [Epstein et al., 1953] and -4.34°C/%0 (0.23%0/oC) for

aragonite [Grossman and Ku, 1986]. However, our value shows a similarity to those

recently determined by Gagan et al. [1994] for a Great Barrier Reef Porites at the near

weekly scale (-5.56°C/%0, 0.18%0/oC) and by Quinn et al. [1998] for a New Caledonia

Porites at the monthly scale (-5.81 °C/%o, 0.172%o;oC). We therefore interpret our

relationship of -6.05°C/%0 (0. 165%0/oC) to be reasonable, although some minor biasing

due to the bimonthly sampling resolution and owing to the use of coarse-gridded SST

data for the calibration cannot be totally excluded.

The mean annual SST/coral 8180 calibration for these intervals (1946-1966 and 1976

1992) is different (-1. 84°C/%0 or 0.543%o;oC). The calculation of a Pearson' s correlation

coefficient (r) for the mean annual values produces a relation that can be expressed by the

equation

r = -0.58 (99.5% level) (2)

A comparable difference between the SST-coral 8180 relationship for monthly and for

mean annual values has been recently described for a multicentury coral record from New

Caledonia in the southwestern Pacific Ocean [Quinn et al., 1998]. Interestingly, only the

mean annual SST/coral 8 180 calibration of this study provided the correct estimate for

mean annual SSTs during an early 20th century verification interval and was therefore

used for the interpretation ofthe entire coral record with respect to temperature.

4.5.3. Coral growth record

The growth rate ofthe Ras Umm Sidd coral varies from 0.45 crn/yr to 1.9 crn/yr, with

an average value of 1 crn/yr (Figure 4.7c). There is no significant correlation between the

annual values of coral growth rate and the mean annual values of coral 8180. However,
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for arbitrarily choosen intervals of 50-year length there are weak positive correlations.

Correlation coefficients (r) are 0.35 (99% level) for 1801-1850, 0.22 (90% level) for

1901-1950, and 0.27 (95% level) for 1951-1994, respectively. During 1751-1800 and

1851-1900 there is no significant correlation. The weak but positive correlations indicate

that the Ras Umm Sidd coral 8180 record is fairly robust with respect to "kinetic" isotope

disequilibria effects, which should result in a negative correlation [McConnaughey,

1989a, b]. A positive correlation between the coral growth rate and the coral 8180

suggests an increased coral growth during years of colder SSTs. In general, the optimum

temperature of coral growth is ~27°C with an upper limit of ~32-33°C and a lower limit

of ~20°C [Buddemeier and Kinzie, 1976]. The average mean annual SSTs in the northern

Red Sea are ~25°C, with a summer maximum of ~28°C and a winter minimum of ~22°C,

which are in the range of optimum temperature conditions for coral growth. Therefore

with respect to temperature there is no reason why colder conditions in the northern Red

Sea should increase coral growth. A possible explanation could be that during colder

years the mixed layer depth is deeper, resulting in a higher availability for nutrients and

zooplankton in the upper waters. These nutrient/food rich conditions could probably

result in an increased coral growth. A similar pattern was described for corals from

Bermuda [Pätzold and Wejer, 1992; Pätzold, 1994].

4.5.4. Interpretation of the coral 8180 record

The Ras Umm Sidd coral 8180 record is shown in Figure 4.7 as time senes for

bimonthly, mean annual, summer, and winter values. As discussed earlier, on the seasonal

timescale, represented by the bimonthly coral 8180 record (Figure 4.7a), the coral

primarily records information on SSTs. The amplitude of the seasonal cycle is fluctuating

around an average value of 0.76%0 with no long-term trend evident. The mean annual

coral record (Figure 4. 7b) shows a long-term trend towards lower 8180 values, significant

at the 99.9% level. Application of the mean annual SST/8 180 calibration (2) to the mean

annual coral record indicates that average SSTs during the interval 1751-1900 were

~0.3°C lower than the average 20th century SSTs in the northern Red Sea. There is also

interannual- to decadal-scale variability on the order of ~0.4°-0.8°C in the coral record.
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Figure 4.7. The Ras Umm Sidd eoral Öl80 reeord (eore RUS-95). (a) Bimonthly time

series. (b) Mean annual time series. (e) Annual eoral growth rate. (d) Summer (July

Oetober) time series (upper line); winter (January-April) time series (Iower line). The

shading indicates winters in whieh most likely deep water formation oeeured (see text for

diseussions).
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4.5.4.1. Prominent cooling events and volcanic eruptions

Large explosive volcanic eruptions reduce the incoming solar radiation owing to

injections of sulphate aerosols into the stratosphere and can therefore cause cooling at the

Earth' s surface on a 2- to 3-year timescale [e.g., Robock and Mao, 1992]. Prominent

cooling events in the mean annual Ras Umm Sidd coral record occur in 1755, 1834-1835,

1883-1884, and 1949 (Figure 4.7b). Following the approach of Crowley el al. [1997]

some of these coolings coincide with or follow within one year large volcanic eruptions.

Eruptions in 1754 (Taal, Philippines), 1835 (Coseguina, Nicaragua), and 1883 (Krakatau,

Indonesia) have caused northern and/or southern hemisphere coolings, which is known

from tree-ring [Br{ffa el al. , 1998] and/or coral records [Crowley el al. , 1997], although

the c1imate effect of the 1754 eruption of Taal has recently been called into question

[Quinn el al. , 1998]. Two less pronounced interannual cooling events in the coral record

In 1914 and 1983 are probably associated with large eruptions in 1912

(Novarupta/Katmai, Alaska) and 1982 (EI Chich6n, Mexico). There is a known effect of

volcanism on Middle East c1imate. For the period 1883-1992 it was shown that large

volcanic eruptions were followed by a cold anomaly over the Middle East, independent of

the hemisphere ofthe volcanoes [Robock and Mao, 1992].

However, the most prominent cooling event in the Ras Umm Sidd coral record (1834

1835), probably associated with the eruption of Coseguina (1835), is part of a Ionger

cooling interval between 1805 and 1844. A comparable cooling interval in the first half of

the 19th century can also be found in the northern hemisphere temperature

reconstructions of Mann el al. [1998] and Jones el al. [1998], in a network of

temperature-sensitive northern hemisphere tree-ring-density chronologies [Briffa el al.,

1998], in a multiproxy record of circum-Arctic temperature [Overpeck el al. , 1997],and

in coral Ö
180 proxy records of SST from the southwestern [Quinn el al., 1996; Crowley

el al., 1997; Quinn el al. , 1998] and the equatorial eastern Pacific Ocean [Dunbar el al. ,

1994]. In fact, most of these records show a warm-cold-warm-cold pattern of decadal

scale oscillations during this interval of prominent cooling (~1805-1840) which has

recently been suggested to be of use in the refinement of coral chronologies [Crowley el

al. , 1997]. This pattern is also evident in the Ras Umm Sidd coral record (Figure 4. 7b).

The prominent cooling interval in the first half of the 19th century and the associated

warm-cold-warm-cold pattern are thought to be related to a pulse of large explosive

volanic eruptions that occurred during this time [Crowley el al. , 1997; Mann el al. ,

1998]. The Ras Umm Sidd coral record shows minor cooling events superimposed on the

generally cold pattern during that period in 1809,1815,1817-1818,1823, and 1832

which are probably associated with large volcanic eruptions in 1809 (unknown), 1815

(Tambora, Indonesia), 1822 (Galungung, Indonesia), and 1831 (Babuyan, Philippines)

[e.g., Crowley el al., 1997]. However, there is also some evidence for a solar-induced

cooling in the early 19th century [Lean el al. , 1995; Crowley and Kim, 1996].
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4.5.4.2. Interannual salinity changes and mean annual coral Ö
l80

As discussed earlier (sections 4.5.1. and 4.5.2.) there is a weaker correlation between

coral 0180 and SST on the annual timescale (I' = -0.58) relative to the bimonthly timescale

(I' = -0.86) for the Ras Umm Sidd coral record. The SST/coral 0180 calibration for each

timescale is also different, with a slope of -1.84°C/%o (0.543%%C) on the annual

timescale and of -6.05°C/%o (0. 165%%C) on the bimonthly timescale. A similar feature

was described for the New Caledonia coral record [Quinn et al. , 1998], where the

SST/coral 0180 correlation changes from I' = -0.87 on the monthly timescale to I' = -0.53

on the annual timescale, and the SST/coral 0180 calibration from -5.38°C/%o

(0.186%%C) to -1. 72°C/%o (0.581 %%C), respectively. Despite the only moderate

correlation between mean annual coral 0180 and SSTs at New Caledonia the predicted

SSTs using the mean annual calibration and the observed mean annual SSTs match weil

over a verification interval [Quintl et al., 1998]. It was suggested that although the

amplitude of the seasonal salinity changes at New Caledonia is small compared to SST

changes, interannual changes in salinity may be proportionately larger (with respect to

temperature) than seasonal changes. It was therefore suggested that salinity variations at

the interannual timescale could be in part responsible for the degradation ofthe SST/coral

0
18

0 correlations and the difference in the slopes of the SST/coral 0
18

0 calibrations

between monthly and mean annual regressions in this coral record (T. 1. Crowley et al. ,

manuscript in preparation, 1998).

We are therefore left with the conclusion that while on the seasonal timescale the Ras

Umm Sidd coral is primarily recording information on SSTs, also in the northern Red Sea

on the interannual timescale large-scale salinity variations in the surface waters probably

affect coral 0180 in addition to SST. However, it is important to recall that the mean

annual Ras Umm Sidd coral 0 180 record can still be used for the reconstruction of the

large-scale SST variability in the nOlihern Red Sea, which for example is supported by the

striking similarities between the coral record and regional records of air temperature

during the late 19th century (Figure 4.6a) or the strong correlation with SSTs during the

interval of 1946-1966 (Figure 4. 4c).

The slope ofthe mean annual SST/coral 0180 calibration of -1.84°C/%o (0.543%%C)

for the Ras Umm Sidd record implies an amplification of the mean annual coral 0180

signal (with respect to temperature) relative to the seasonal signal. This suggests that on

the interannual timescale colder SSTs in the northern Red Sea coincide with higher

0180seawater values and therefore higher salinities in the surface waters, and warmer SSTs

with lower 0180seawater values and therefore lower salinities. Precipitation and runoff are

negligible in this extremely arid environment (section 4.3.) and therefore can be excluded

to have any effect on the 0180 of the seawater on the interannual timescale. Another

possible source is the lateral advection of surface water from the southern Red Sea by the

northward-flowing currents. Southern Red Sea and especially northern Indian Ocean

surface waters have lower 0180 values relative to northern Red Sea waters [Ganssen and

Kroon, 1991].
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It was recently described for a coral record from the Dahlak Archipelago (Eritrea) that

in the southern Red Sea (Figure 4.2) simultaneous changes in SST and 8180seawater on the

interannual timescale produce an amplified mean annual coral 8180 signal (with respect to

temperature) [Klein et al., 1997]. This signal was suggested to be controlled by

interannual variations in the intensity of surface water influx from the Indian Ocean to the

Red Sea, which is more intense during periods of high Indian Ocean SSTs [Klein et al.,

1997]. An increased influx of warmer Indian Ocean water with its lower 8180 signature

through the Strait of Bab-el-Mandab could therefore probably also result in warmer SSTs

and lower 8180seawater values in the northern Red Sea a few years later relative to Eritrea,

which is the timescale for the entire northward journey of the surface waters [Eshel and

Naik, 1997]. However, there is no significant correlation between the mean annual 8180

values of the coral records from Ras Umm Sidd and Eritrea. Correlations at different lag

and lead times (-15 to +15 years; results are not shown here) reveal that the Ras Umm

Sidd coral record apparently leads the Eritrea record by 4-6 years. The maximum

correlation coefficient (I') is 0.44 for a lead time of 6 years; or 0.62 when 3-year running

averages are used for the correlation (both are significant at the 99.5% level).

The reason for this apparent lead of the Ras Umm Sidd record is beyond the scope of

this paper, but if interannual variations in the intensity of surface water influx from the

Indian Ocean would have a control on northern Red Sea SST and 8180seawater variability

the opposite pattern should be expected. We therefore conclude that the processes and

effects which were described for the southern Red Sea [Klein et al., 1997] are most likely

not responsible for the amplification of the mean annual coral 8180 signal (with respect to

temperature) in the Ras Umm Sidd coral record; and that the causes for the amplification

are probably associated with processes occuring in the northern Red Sea.

4.5.4.3. Combined record of temperature and aridity

The dominant influence of the seasonal shift in the latitudinal posItIOn of the

subtropical high-pressure belt and the associated subtropical westerly jet stream on the

evaporation and salinity patterns in the northern Red Sea and on the precipitation pattern

in the Mediterranean region was discussed earlier (section 4.3.2.). In general, the jet

stream in the upper troposphere and the associated high-pressure belt at the surface

separate the arid region in the south from the winter rainfall region in the north. Changes

in the mean annual latitudinal position of the jet-stream axis on interannual or larger

timescales should therefore have considerable effects on Middle East climate.

Model simulations of the Last Glacial Maximum (LGM; ~18 kyr BP) show a

strengthening and southward shift of the jet stream relative to its present position and a

resulting increased winter precipitation in the (eastern) Mediterranean region

[Lautenschlager and Herterich, 1990; Prentice et al., 1992]. The increased precipitation

resulted in a higher lake level of Lake Lisan (the present-day Dead Sea) (Figure 4.2)

during the LGM [Begin et al., 1985; Qin and Yu, 1998] whereas for the northern Red
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Sea increased arid conditions are indicated by the work of Almogi-Labin et al. [1986],

Locke and Thunell [1988], and Geiselhart et al. [1998].

Recurring periods of wetter and drier climate during the last glacial period for the

Dead Sea/Lake Lisan region are indicated by aseries of palaeosols from the northern

Negev desert [Goodjriend and Magaritz, 1988]. The major source area of precipitation

during the wetter periods was identified in the northlnorthwest. The wetter periods were

therefore interpreted to result from a southward shift of the northern boundary of the

desert belt in the Middle East [Goodfriend and Magaritz, 1988], i.e., a southward shift of

the subtropical high-pressure belt. New results from an U-Th-dated Lake Lisan sediment

record (~70-18 kyr BP) reveal that this region was wetter during global cold periods and

drier during warmer periods of the last glacial, on the timescales of Heinrich events and

Dansgaard-Oeschger events [Schramm et al. , 1997; 5'tein et al. , 1998].

For the more recent Roman period ~2000 years aga less arid conditions in the Dead

Sea region relative to present-day climate were inferred from the stable isotopic

composition of ancient wood [Yakir et al. , 1994; Lipp et al. , 1996]. Lipp et al. ,

discussing historical accounts on greater precipitation and cooler temperatures during the

Roman period in this region, suggested that changing atmospheric circulation has played

a role in climate change over the Middle East over the past two millennia. In summary,

the paleorecords and model simulations show some evidence that during global cold

periods the eastern Mediterranean region in the north was wetter and the northern Red

Sea region in the south possibly drier, whereas during global warm periods the north was

drier with no information available for the conditions in the south.

The climatic effects of the interactions of changes in the latitudinal temperature

gradient, which governs the Hadley cell intensity, and the global mean temperature, which

governs the Hadley cell extent, were recently investigated in several General Circulation

Model (GCM) experiments [Rind, 1998]. However, a simplified point of view is that

lower high-latitude temperatures (e.g., during the Little lee Age period, ~1450-1850)

raise the equator-pole temperature gradient, which results in an equatorwards shift of the

main components of the atmospheric circulation. A southward displacement and

intensification of the subtropical jet stream is accompanied by a southward shift of the

circumpolar westerlies and the associated starm tracks. The corresponding southward

shift of the subtropical high-pressure belt is accompanied by increased subsidence

associated with an intensification ofthe Hadley cells.

We therefore suggest that the amplification of the mean annual 8180 signal (with

respect to temperature) in the Ras Umm Sidd coral record from the northern Red Sea can

be best explained by variations in the mean annual latitudinal position of the subtropical

westerly jet stream on the interannual timescale (Figure 4.8). During colder years the jet

stream and the associated subtropical high-pressure belt are assumed to shift southward.

Over the entire year the northern Red Sea would therefore predominantly experience

atmospheric conditions which are typical far the present-day winter, i.e., a higher

evaporation because the zone of maximum atmospheric subsidence stays a longer time of

the year over the area. This should result in higher mean annual salinities in the surface
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waters during colder years. The combined effect of colder SSTs and higher salinities

would produce an amplified mean annual coral 8180 signal (with respect to temperature).

During warmer years the jet stream is assumed to shift northward. Over the entire year

the northern Red Sea would then predominantly be affected by atmospheric conditions

which are typical for the present-day summer, i.e., a lower evaporation because the zone

of maximum atmospheric subsidence stays a shorter time of the year over the area. This

should result in lower mean annual salinities in the surface waters during warmer years

and again an amplified mean annual coral 8180 signal (with respect to temperature) would

result.
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Figure 4.8. Schematic map of the Middle East and the large-scale atmospheric and surface

conditions suggested for (a) colder years and (b) warmer years, as interpreted from the Ras

Umm Sidd coral record and supported by instrumental and proxy records of climate. The

hypothetical mean annual position of the subtropical westerly jet stream (open arrow) is

shown. Suggested changes in aridity, rainfall, and surface winds (solid arrows) are also

shown. The location Ras Umm Sidd is indicated by a star.
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This hypothesis suggests that colder years in the northern Red Sea region are more

arid (higher evaporation) and warmer years are less arid (lower evaporation) without any

variations in the amount of precipitation which is a negligible factor in this desert region.

The mean annual Ras Umm Sidd coral record (Figure 4.7b) should therefore be

interpreted as arecord of temperature and aridity. However, the record can still be used

for the reconstruction of the large-scale SST variability in the northern Red Sea because

simultaneous changes in temperature and aridity produce an amplified mean annual coral

8180 signal with respect to temperature.

Direct multiyear measurements of 8180seawater or salinity are not available from the

northern Red Sea to verifY our hypothesis. However, an indirect verification can be

obtained from observations of rainfall in the Mediterranean region in the north. Our

hypothesis that a southward shift of the jet stream during colder years results in more arid

conditions in the northern Red Sea would imply increased rainfall in the eastern

Mediterranean region due to the accompanied southward shift of the moisture bringing

North Atlantic westerlies. During years with a southward-shifted jet stream the eastern

Mediterranean region should predominantly experience atmospheric conditions which are

typical for the present-day winter, i.e., the period of winter rainfall should be longer,

resulting in an increased mean annual precipitation for the region. During warmer years

with a northward-shifted jet stream and an accompanied northward shift of the North

Atlantic westerlies the eastern Mediterranean region should predominantly be affected by

atmospheric conditions which are typical for the present-day summer, i.e., drier

conditions because the subtropical high-pressure be1t stays a longer time of the year

above the area.

A comparison of the Ras Umm Sidd coral record with instrumental observations of

precipitation in Alexandria [Baker ef al., 1994] at the southern coast of the eastern

Mediterranean Sea (Figure 4.2) reveals striking similarities (Figure 4.6b). Cold and arid

conditions in the northern Red Sea, indicated by high coral 8180 values, coincide with

increased rainfall in Alexandria on the interannual to interdecadal timescale; and warm

and less arid conditions in the northern Red Sea coincide with decreased rainfall in

Alexandria. Inspection of the rainfall record for Jerusalem reveals a comparable pattern

only for the 1930s-1950s. For the earlier part of the record there is no clear relationship

evident. However, the Jerusalem rainfall record is not derived from a quality-controlled

dataset [e.g., Baker et al. , 1994]. The problems associated with this record are discussed

in the original reference [Rosenan, 1955].

A probably better source of information on past rainfall variablity in Jerusalem is a

tree-ring chronology [Liphschitz, 1998]. The width of annual tree rings in the Jerusalem

region is strongly dependent on the amount of annual rainfall, with increased rainfall

resulting in an increased tree-ring width [Yakir et al. , 1996]. The Jerusalem tree-ring

chronology and the Ras Umm Sidd coral record reveal similarities on the interannual to

interdecadal timescale during most parts of overlap and show the expected re1ationship of

cold/warm and arid/less arid conditions in the northern Red Sea coinciding with
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increased/decreased rainfall in Jerusalem (Figure 4.9). The most striking similarities are

evident for the 1830s with an extremely cold and arid c1imate in the northern Red Sea and

large amounts of rainfall in Jerusalem. Our general conc1usions are supported by recent

results from Israel that during the last winters with increased precipitation the subtropical

jet stream shifted southward [Y. Carmona and P. Alpert, personal communication, in

Price et al. , 1998] and tree-ring growth was increased in Jerusalem [Yakir et al. , 1996].

The instrumental records of precipitation from Cairo/Ismailia and Alexandria reveal

that both latitudes are affected by the Mediterranean winter rainfall regime (Figure 4.6b)

but that there is sharp transition to extremely arid conditions towards the Red Sea in the

south (Figure 4.2). This pattern exc1udes the possibility that Mediterranean winter rains

significantly affect the northern Red Sea and the 8 180 signal of the Ras Umm Sidd coral

record on interannual or larger timescales. Furthermore such an effect wou1d result in a

pattern opposite to the observed relationship between Ras Umm Sidd coral 8180 and

precipitation in Alexandria (Figure 4. 6b).
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from Jerusalem. The chronology is a master curve derived from 5 trees. High index values
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ring width indicates increased rainfall [Yakir el al., 1996]. 3-year running averages of

mean annual values are shown. Note that the tree-ring-width scale has been reversed for

direct comparison with the coral record.
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The paleoclimatic information derived from the Ras Umm Sidd coral (3180 record in

combination with regional instrumental and proxy records of climate suggests that cold

periods in the Middle East are associated with increased arid conditions (higher

evaporation) in the northern Red Sea and increased rainfall in the eastern Mediterranean

region. Warm periods are associated with less arid conditions (lower evaporation) in the

northern Red Sea and decreased rainfall in the eastern Mediterranean region. This pattern

is suggested for the past nearly 250 years on the interannual to interdecadallmultidecadal

timescale.

Simultaneous humid-arid variations during decadal- to multidecadal-scale cold/warm

periods are also indicated by other proxy climate records along the northern rim of the

African-Asian arid belt for the last 500 years [Ji et al., 1993]. It was suggested that

during a hemisphere-scale cold period the westerlies shift southwards bringing increased

precipitation to the Mediterranean area whereas the arid region in the south becomes

drier. During a warm period the westerlies were assumed to shift northwards resulting in

decreased precipitation in the Mediterranean region whereas the arid region in the south

becomes wetter [Ji et al. , 1993]. No physical mechanism was given to explain the dry

wet changes in the northern part of the arid bell. Our results on Middle East climate

variability derived from the paleoclimatic interpretation of the Ras Umm Sidd coral

record are in general agreement with the conclusions in the work of Ji et al. [1993].

However, our results suggest that the dry-wet changes assumed by Ji et aI. for the

nOlihern part ofthe arid belt are in fact changes between a more arid (higher evaporation)

and a less arid (lower evaporation) climate, i.e., changes in the strength of evaporation

and not in the amount of precipitation, at least in the Middle East section.

4.5.4.4. Deep water formation in the northern Red Sea

The northern Red Sea is probably the only site in the world oceans where water mass

formation occurs and reef corals grow. As discussed earlier (section 4.3.1.) there are two

modes of water mass formation, both occur during the wintertime. The regular process in

the climatology is the shaIIow-convective, subductive mode of intermediate water

formation (:s:;I km) which occurs slightly south of the northwest corner of the Red Sea

near the western coast (~26°N) (Figure 4.2). The process ceases in summer [Eshel and

Naik, 1997].

In contrast to this regular process the deep water of the Red Sea is formed during

intermittent, episodic events [Woelk and Quadfasel, 1996; Eshel and Naik, 1997] in a

deep-convective process which most likely occurs in the center of the cyclonic gyre in the

northern Red Sea where the climatological winter stratification is the weakest [Eshel and

Naik, 1997; Clifford et al. , 1997]. Eshel and Naik suggest that the episodic formation of

deep water is related to short-lived intense atmospheric events. Also Woelk and

Quadfasel suggest that the intermittent formation of deep water is strongly linked to

interannual variations of the meteorological forcing Iike cooling and evaporation; and

speculate on a possible relation to EI Nifio-Southern OsciIIation (ENSO) events.
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The only direct observation of deep water formation in the northern Red Sea in the

winter 1982-1983 is provided by the work of Woelk and Quadfasel [1996]. However, it

was recently demonstrated that the winter (5
180 values of northern Red Sea corals can be

used to track water mass formation variability [Eshel el al. , submitted 1998]. It was

suggested that the dominant process of Red Sea deep water formation is lower

tropospheric subsidence, which dries the boundary layer, increases surface evaporation

and water surface density, and finally drives water mass formation [Eshel el al., submitted

1998]. Eshel et al. successfully converted a coral (5
180 time series from the northern Red

Sea (western Ras Mohammed area, ~17 km southwest of Ras Umm Sidd) to a proxy

record of water surface density for the period 1973-1995. The record indicates that

maximum water surface density anomalies and therefore most probably deep water

formation occured in the winters of 1982-1983 and 1991-1992 [Eshel el al. , submitted

1998], with the first event being in coincidence with the observations of Woelk and

Quadfasel [1996].

Both events are also documented in the Ras Umm Sidd coral record by the highest

winter (5
180 values during the corresponding period (Figure 4.7d). We therefore assume

that the winter (5
180 values of the Ras Umm Sidd coral record can be used to detect

extraordinarily cold and/or arid winters when deep water formation in the northern Red

Sea most probably occured. For the winters of 1982-1983 and 1991-1992 the coral

record shows (5
180 values of -2.99%0 and -3.01%0, respectively. We therefore assign a

threshold value to the record and interprete all winters with a higher coral (5
180 value than

-3.00%0 as deep-water formation events in the northern Red Sea.

The Ras Umm Sidd coral record indicates 57 of such events (inc1uding 1991-1992)

during the past 245 years (Figure 4.7d and Table 4.1). It cannot be exc1uded that this

approach indicates to many events in the earlier part of the coral record owing to the

generally colder conditions in the 18th and 19th century relative to the 20th century and

taking not into account possible associated changes in the thermoc1ine/haloc1ine system.

However, we assume it is the most objective method. When the linear trend is removed

from the winter coral (5
180 record only 11 events are indicated (inc1uding 1991-1992)

(Table 4.1), using again the winters 1982-1983 and 1991-1992 as criterion.

The two most recent events of deep water formation in the winters of 1982-1983 and

most probably 1991-1992 both coincide with strong to moderate EI Nifio events but also

with large tropical volcanic eruptions (EI Chich6n, 1982; Mount Pinatubo 1991) (Table

4.1). The signatures ofvo1canic eruptions in the mean annual coral record were discussed

earlier (section 4.5.4.1.). The work of Robock and Mao [1992] showed for the period

1883-1992 that large volcanic eruptions are followed by a cold surface temperature

anomaly over the Middle East, independent of the hemisphere of the volcanoes [Robock

and Mao, 1992]. This cooling occured in the first winter after tropical eruptions, in the

first or second winter after midlatitude eruptions, and in the second winter after high

latitude eruptions [Robock and Mao, 1992]. Winter cooling in the Middle East after large

explosive vo1canic eruptions is also observed in GCM experiments [Graf el al. , 1993;



66

Kirchner and Graf, 1995]. Vo1canism-induced cooling could therefore be partly

responsible for the deep water formation in the winters of 1982-1983 and 1991-1992.

Deep convective water mass mixing during these two winters is also documented in a

coral record from the northern end of the nearby Gulf of Aqaba (Israel) (Figure 4.2)

[F'ehs et al. , 1998b] and was attributed to the cold air temperature anomaly following the

eruptions ofEI Chich6n (1982) and Mount Pinatubo (1991) [Genin et al. , 1995; Fehs et

al. , 1998b].

EI Nino events occured in both 1982-1983 and 1991-1992. A possible relationship

between EI Nino events and deep water formation in the northern Red Sea was already

suggested in the work of Woelk and Quadfasel [1996], but no physical mechanism was

given to explain a possible teleconnection. GCM experiments revealed that the winter

cold anomaly in the Middle East after volcanic eruptions is weaker during EI Nino years,

but still exists [Kirchner and Graf, 1995]. However, a possible explanation for an EI

Nino teleconnection responsible for deep water formation could be a change in the

latitudinal position of the subtropical westerly jet stream. In general, during an EI Nino

event the Hadley cell intensity is increased and the subtropical jet stream is intensified and

displaced equatorward, especially in winter [Philander, 1990]. A southward displacement

of the jet stream and the associated subtropical high-pressure belt during an EI Nino

winter, together with the increased Hadley cell intensity, should result in increased arid

conditions (higher evaporation) in the northern Red Sea, which is favorable for deep

water mass formation [Es'hel et al., submitted 1998]. This hypothesis is supported by

recently reported evidence that the subtropical westerly jet stream in Israel shifted

southward during the last EI Nino years [Y. Carmona and P. Alpert, personal

communication, in Price et al. , 1998].

To investigate a possible relationship between deep water formation in the northern

Red Sea and volcanic eruptionslEI Ninos during the past nearly 250 years all events as

inferred from the Ras Umm Sidd coral record are listed in Table 4.1. Also given are co

occuring large explosive volcanic eruptions and EI Nino events ifknown. The coincidence

of deep-water formation events and volcanic eruptionslEI Ninos is only moderate. Deep

water formation occurs in at least 22 years of a total 57 event years without any co

occuring volcanic eruptionlEl Nino; or in at least 3 years of a total of 11 event years

when the detrended record is considered. Of the 57 deep-water formation events 27

coincide with EI Ninos, at least 11 (probably 13 or 16) with volcanic eruptions, including

at least 6 (probably 7 or 8) which coincide with both an EI Nino and a vo1canic eruption.
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Table 4.1. Years with deep water formation in thc nOlihern Red Sca as inferred from the Ras

Umm Sidd coral 8 180 rccord and co-occuring large volcanic eruptions and EI Nino events

Year a Volcano (vear)b EI Nifioc Year a Volcano (year)b EI Nifioc

1751 M+ 1826
1752 1827 KeIut (1826)
1753 Little Sunda (l752)d 1829
1755 Taal (l754)d S 1832 Babuyan (1831) S+

1756 1833 S+
1757 1834
1758 1835 M
1761 S 1836 Coseguina (1835) M
1762 S 1837 S
1763 1839 S
1769 Cotopaxi (1768) M+ 1840
1773 Papandajan (1772) M 1841
1776 M+ 1842
1781 1849
1783 VS 1852 M
1789 unknown (1788) 1861
1791 VS 1863
1793 VS 1874 M+
1794 M+ 1876
1795 M+ 1883 Krakatau (1883)e
1797 M+ 1892
1806 M+ 1894
1813 Soufriere+Awu (1812) 1900 VS
1815 1910 Ksudach (1907)"
1817 Tambora (1815)" M+ 1949
1818 Roung (1817) 1956
1821 M ~ EI Chich6n (1982) VS
1822 1992 Mount Pinatubo (1991) M

1823 Galungung (1822)

a "Year" refers to the winter 01' the corresponding year, i.e., 1751 refers to the winter 01' 1750-175 l. The deep

water fonnation chronology is derived from the winter 8180 values (January-April) 01' the coral record. The criterion

tor a deep-water tonnation event is defined as a higher coral 8180 value relative to a threshold value which is the

calculated mean ofthe 8 180 values in the two "event winters" 01' 1983 and 1992, which are indicated by a frame.

Bold years still indicate an event when the linear trend is removed trom the winter coral 8180 record. The age

estimate error 01' the coral chronology is ±O years in the interval 01' 1925-1995, ±I years in 1783-1924, and ±2 years

in 1750-1782, respectively.

b Only those eruptions were taken into account which resulted in a cooling signal in two recently published

northem [Briffa et al., 1998] and southem hemisphere [Crowley et al., 1997] proxy records. A further selection was

perfonned by using the criteria 01' Robock ami kfao [1992] that cooling in the Middle East occurs in the first winter

aner tropical eruptions, in the first or second winter after midlatitude eruptions, and in the second winter after high

latitude eruptions. For further details on the climatic significance 01' the eruptions and the latitude 01' the volcanoes

see Crowley et al. [1997], BriJJa et al. [1998], Robock and lvfao [1992], and references therein.

C The EI NiI10 years were derived trom the event chronology of Quinn et al. [1992 J. Strengths are moderate (M),

strong (S), or very strong (VS); the + indicates intennediate values. The event in 1992 was added by us after

inspection of several EI NiI10 indices.

d The climate etTect ofthe eruption has been recently called into question [Quinn et al., 1998J.

e The eruption occured to early/late to have any et1ect on Middle East climate in the year of deep water tonnation,

according to the criteria of Robock and 11/fao [1992t However, considering the age estimate error 01' the coral

chronology a possible climate effect CatUlot totally be excluded.
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On the other hand, not evelY large vo1canic eruption (e.g., Santa Maria, 1902;

NovaruptafKatmai, 1912; Agung, 1963) or strong EI Nifio (e.g., 1844-1846, 1877-1878,

1940-1941) which occured during the period of the coral record coincides with a deep

water formation event. We are therefore left with the conc1usion that the episodic events

of Red Sea deep water formation during winter are sometimes associated with EI Nifio

events or large volcanic eruptions which can cause increased arid/cold conditions in the

northern Red Sea favorable for deep water formation. However, deep water formation

can also occur independent of these two forcing factors.

It was recently demonstrated that the skeletal öI3e signal of a coral record (1974

1993) from the nOlthern end ofthe nearby Gulfof Aqaba (Israel) (Figure 4.2) documents

large plankton bloom events which are caused by deep vertical water mass mixing,

convectively driven in colder winters. The signal was explained by changes in the coral' s

autotrophy-heterotrophy diet, through increased heterotrophic feeding on zooplankton

during the blooms [Fehs et al. , 1998b]. However, no comparable signals can be identified

in the Ras Umm Sidd coral l)
I3e record (results not shown here) during winters with

deep-water formation events in the northern Red Sea as inferred from the coral 1)
180

record.

4.5.4.5. Comparison with other coral records

There are now three long coral Ö180 records available from the Red Sea (Figure 4.10).

The 63-year coral record from the Dahlak Archipelago (Eritrea) in the southern Red Sea

[Klein et al. , 1997] has a bimonthly resolution and was discussed earlier (section

4.5.4.2.). The other record is an annual time series from Aqaba at the northern end ofthe

Gulf of Aqaba (Jordan) [Heiss, 1994], which is in fact two records which were derived

from the same coral colony. A vertically drilled core provides a 205-year record (AQ 18)

and a horizontally drilled core a 107-year record (AQ19).

The Gulf of Aqaba is a 1800-m-deep basin and is seperated from the Red Sea proper

in the south by the narrow and shallow (~250 m) Straits of Tiran (Figure 4.2). The

distance between Aqaba and Ras Umm Sidd is ~200 km and in general we would expect

a similar coral I) 180 signal at both locations. However, the correlation of the mean annual

Ras Umm Sidd record with the two Aqaba records is only weak with r = 0.33 for core

AQ18 and 0.28 for core AQ19, respectively (99.5% level). Surprisingly there is no

significant correlation between the two Aqaba cores itself The correlation with the Ras

Umm Sidd record increases to r = 0.65 and 0.74 for core AQ18 and 0.45 and 0.56 for

core AQ19 when 5-year and 11-year running averages are used, respectively (99.5%

level).

That data smoothing increases the correlation between the Ras Umm Sidd and the

Aqaba records suggests that the coral 1)
180 time series probably reflect a common c1imate

signal on pentadal to decadal timescales. However, visual inspection of the coral records

reveals no striking similarities on these timescales (Figure 4.10). An exception is that the
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AQ 18 record shows the highest coral 0180 values in the 183 Os, a decade which is also

recorded as the coldest and most arid period in the Ras Umm Sidd record. Furthermore, a

cooling interval in the first half of the 19th century with a superimposed warm-cold

warm-cold pattern is also documented in the AQ 18 record. Hopefully a higher resolution

coral record will become available from Aqaba in the near future to get better estimates

of mean annual values from this latitude for the past several hundred years.

The Red Sea coral records together with a monthly coral record from the Seychelles

in the western equatorial Indian Ocean [Chartes el al. , 1997] now provide a transect of

climate proxy records from ~30oN to ~5°S, considerably extending the discontinuous

marine and terrestrial instrumental observations of climate in this region ofthe world.
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Figure 4.10. A eomparison of long Red Sea and western Indian Oeean eora1 8180 reeords
on a transeet from ~30oN to ~5°S. All time series are plotted as 3-year running averages of

mean annual va1ues. Mahe, Seyehelles (4.6°S) [Charles et al., 1997]; Dah1ak, Eritrea

(l5.7°N) [Klein et al., 1997]; Ras Umm Sidd, Egypt (27.8°N) [Felis et al., this study];

Aqaba, Jordan (29.5°N) [Heiss, 1994], two eores from the same eolony. Resolution of the

original time series is monthly (Seyehelles), bimonthly (Dah1ak and Ras Umm Sidd), and
amma1 (Aqaba).



70

4.6. Conclusions

A coral Ö
180 record from Ras Umm Sidd (Egypt) near the southern tip of the Sinai

Peninsula in the northern Red Sea provides a bimonthly-resolution time series for the past

245 years (1750-1995) from this subtropical location (~28°N) at the northern rim of the

Mrican-Asian desert bell. The chronology is assigned an age estimate error of ±1 years to

the interval 1783-1924 and of additionally ± 1 years to the interval 1750-1782, resulting in

a maximum cumulative error of ±2 years at the bottom of the core. The coral record

seems to be fairly robust with respect to "kinetic" isotope disequilibria effects

[McConnaughey, 1989a, b].

On the seasonal (bimonthly) timescale the coral Ö180 is primarily recording

information on SSTs. The mean annual eoral Ö180 signal refleets the large-seale variability

of SSTs in the northern Red Sea and of air temperatures in the Middle East region.

Applieation of the mean annual SST/eoral Ö
180 calibration indieates that average mean

annual SSTs between 1751 and 1900 were ~0.3°C lower than the 20th eentury average.

Prominent eooling events in 1755, 1834-1835, 1883-1884, and less pronouneed events in

1914 and 1983 are probably assoeiated with large explosive volcanie eruptions. The eoral

reeord indieates a prominent eooling interval in the first half of the 19th eentury with a

superimposed warm-eold-warm-eold pattern whieh is also evident in northern hemisphere

temperature reeonstruetions [e.g., Mann et al. , 1998] and southern hemisphere eoral

reeords [e.g., Crowley et al. , 1997; Quinn et al., 1998].

The different SST/eoral Ö
180 ealibrations for the annual and the seasonal (bimonthly)

timescale suggest that similar as deseribed for New Caledonia [Quinn et al. , 1998]

ehanges in salinity may play a proportionate1y larger role on the interannual timeseale

resulting in an amplifieation of the mean annual eoral Ö180 signal (with respeet to

temperature) relative to the seasonal signal. This suggests that on the interannual

timeseale colder SSTs in the northern Red Sea eoincide with higher Ö180seawater values and

therefore higher salinities in the surfaee waters, and warmer SSTs with lower Ö180seawater

values and therefore lower salinities.

It is suggested that this amplifieation ean be best explained by interannual variations in

the latitudinal position of the subtropieal westerly jet stream, the assoeiated subtropical

high-pressure belt, and therefore the deseending braneh of the northern Hadley cell with

its subsiding air. During colder periods the jet stream is assumed to shift southward and

the loeation of the assoeiated high-pressure belt over the northern Red Sea results in an

inereased evaporation for this region and therefore in higher salinities in the surfaee

waters. During warmer periods the jet stream and the high-pressure belt are assumed to

shift northward resulting in less evaporative eonditions in the northern Red Sea and

therefore lower salinities surfaee waters. In summary, simultaneous changes in

temperature and salinity on the interannual to interdeeadallmultideeadal timeseale are

assumed to produce an amplified mean annual eoral Ö180 signal whieh implies that eolder

periods in the northern Red Sea region are more arid (higher evaporation) and warmer
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periods are less arid (lower evaporation), without any variations In the amount of

precipitation which is a negligible factor in this deseI1 region.

The paleoclimatic information derived from the Ras Umm Sidd coral record and the

inspection of temperature and rainfall records from the eastern Mediterranean region in

the north reveal that during colder periods in the Middle East on the interannual to

interdecadallmultidecadal timescale the northern Red Sea region is more arid (higher

evaporation) whereas the eastern Mediterranean region is wetter. During warmer periods

in the Middle East the northern Red Sea region is less arid (lower evaporation) whereas

the eastern Mediterranean region is drier. The pattern in the eastern Mediterranean region

can also be explained by latitudinal shifts in the position of the subtropical jet stream.

When the jet stream is shifted southward during a cold period the eastern Mediterranean

region experiences increased rainfall owing to the associated southward shift ofthe North

Atlantic westerlies. When the jet stream is shifted northward during a warm period

rainfall in the north decreases due to the location of the subtropical high-pressure belt

over the eastern Mediterranean region and the associated northward shift of the

westerlies.

Results of other paleostudies indicate that the eastern Mediterranean region during the

last glacial was wetter during global cold periods and drier during warm periods on the

timescales of Heinrich events and Dansgaard-Oeschger events [Schramm et al., 1997;

Stein et al. , 1998], and ~2000 years aga wetter and possibly also colder [Yakir et al.,

1994; Lipp et al. , 1996]. We therefore suggest that comparable variations in the large

scale atmospheric circulation over the Middle East as described in this study may have

also worked on much larger timescales during the last glacial period and possibly also

during the Holocene.

The northern Red Sea is probably the only site in the world oceans where water mass

formation occurs and reef corals grow. The winter 8 180 values of the Ras Umm Sidd

coral record can be used to detect the intermittent, episodic events of deep water

formation of the Red Sea thermohaline circulation during extraorinarily cold and/or arid

winters. These events are sometimes associated with EI Nifio events or large volcanic

eruptions which can result in increased arid/cold conditions in the northern Red Sea

favorable for deep water formation.

In summary, the Ras Umm Sidd coral record (RUS-95) provides a valuable source of

information on Middle East climate and Red Sea ocean history during the past nearly 250

years on the interannual to interdecadallmultidecadal timescale and mayaIso support

reconstructions of past climate variability on much larger timescales from the region.
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5. Interaction between the North Atlantic Oscillation and the EI Niüo

Southern Oscillation in aMiddie East coral record

To be submitted as:

Felis, T., 1. Pätzold, Y. Loya, and G. Wefer, Interaction between the North Atlantic

Oscillation and the EI Nifio-Southern Oscillation in aMiddie East coral record.

5.1. Abstract

The North Atlantic Oscillation (NAO) is one of the prominent modes of Northern

Hemisphere climate variability primarily affecting the North Atlantic and its surrounding

continents [van Loon and Rogers, 1978; Rogers and van Loon, 1979; Hurrel, 1995;

Hurrel, 1996; Hurrel and van Loon, 1997]. The EI Nifio-Southern Oscillation (ENSO)

phenomenon originates in the tropical Pacific Ocean but influences global climate via so

called "teleconnection" patterns [Philander, 1990; Diaz and Kiladis, 1992; Evans el al.,

1998a]. The oxygen isotopic composition of an annually banded reef coral from the

northernmost Red Sea (~28°N) reveals that both the NAO and the ENSO contributed

significantly to the climate variability of the Middle East during the past ~250 years on

interannual to multidecadal timescales. The most prominent oscillation in the bimonthly

coral time series with aperiod of 70 years and other periods of 22-23 and 8.6-8.7 years

canbe attributed to North Atlantic climate variability. Of considerable interest is a strong

coherence with instrumental NAO [Hurrel, 1995] and ENSO [Kaplan el al. , 1998]

indices at aperiod of ~5.7 years which is also the most prominent period in the
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cospectrum of NAO and ENSO [Rogers, 1984]. The results suggest that interaction

between extratropical and tropical modes of the global c1imate system has an important

control on subtropical c1imate variability and that a prominent cooling interval in the first

half of the 19th century evident in several Northern Hemisphere temperature

reconstructions [Mann el al., 1998; Jones el al., 1998; Overpeck el al. , 1997] can be

related to a 70-year c1imate oscillation of most probably North Atlantic origin, at least for

the Middle East region.

5.2. Introduction

The North Atlantic Oscillation (NAO) has a strong influence on large-scale variations

in the atmospheric circulation of the NOlihern Hemisphere controlling regional

distributions of surface temperature and precipitation [van Loon and Rogers, 1978;

Rogers and van Loon, 1979; Hurrel, 1995; Hurrel, 1996; Hw-rel and van Loon, 1997].

The NAO is described with an index based on the difference of normalized winter sea

level atmospheric pressures between Lisbon, Portugal, and Stykkisholmur, Iceland

[Hurrel, 1995]. Winters with a high NAO index are characterized by low pressures ofthe

Icelandic low and high pressures ofthe Azores high (Figure 5.1).

During winters with a high NAO index the North Atlantic westerlies shift northward

resulting in wetter and warmer conditions in northern Europe owing to the associated

atmospheric moisture transport and the moderating influence of the ocean. This

northward shift results in drier and colder conditions in southern Europe, the

Mediterranean, North Africa, and the Middle East. During winters with a low NAO index

a southward shift of the westerlies produces wetter and warmer conditions in the

Mediterranean and the Middle East [Hurrel, 1995; Hurrel and van Loon, 1997]. The

interannual variations in the atmospheric export of desert dust from North Africa are also

NAO controlled with an increased export during high NAO index years owing to an

increased uptake and transport during drier conditions [Moutin el al., 1997]. The NAO is

present throughout the year but is most pronounced during winter [Bamslon and

Livezey, 1987].

The EI Nifio-Southern Oscillation (ENSO) phenomenon is associated with variations

in central and eastern equatorial Pacific sea surface temperatures. Tropical Pacific warm

events are referred to as ENSO events. A commonly used measure of ENSO strength is

the sea surface temperature (SST) anomaly of the eastern equatorial Pacific, averaged

over 150oW-90oW, 5°N-5°S (NIN03 index). The ENSO can affect extratropical c1imate

variability via atmospheric teleconnection patterns which induce variations in the intensity

and latitudinal position of the subtropical westerly jet stream [Philander, 1990; Hurrel,

1996].

Enhanced winter precipitation in Israel during years with ENSO events was recently

reported for the last 20-25 years [Yakir el al., 1996; Price el al., 1998]. There is evidence

for a southward shift of the subtropical jet stream over Israel during the recent ENSO

years [Y. Carmona and P. Alpert, personal communication, in Price el al., 1998] which
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would be accompanied by a southward shift of the moisture bringing North Atlantic

westerlies explaining the increased precipitation.
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Figure 5.1. Map showing the positions of the Icelandic low (L) and the Azores high (H),

the centers of action of the North Atlantic Oscillation (NAO); the locations of the NIN03

area index (l50oW-90oW, 5°N-5°S) in the eastern equatorial Pacific (cross-hatched box)

and the North Pacific (NP) area index (l50oE-120oW, 50oN-30°N) in the North Pacific

(hatched box); the position of the Northern Hemisphere's subtropical westerly jet stream

(bold arrows); and the locations of coral records from the Seychelles (triangle) in the

western equatorial Indian Ocean [Charles et al. , 1997], Dahlak (star) in the southern Red

Sea [Klein et al. , 1997], and Ras Umm Sidd (cross) in the northern Red Sea [Fehs et al.,

this study].

5.3. Material

A coral core (RUS-95) was collected at Ras Umm Sidd (27°50.9'N, 34°18.6 tE) near

the southern tip of the Sinai Peninsula (Egypt) in the northernmost Red Sea (Ras

Mohammed National Park). The subtropical location at the northern rim of the Mrican

Asian desert belt is in a distance of less than 500 km to the climate regime of the

Mediterranean Sea in the north. The stable oxygen isotope (0 180) composition of the

coral (Porites sp.) provides a bimonthly-resolution time series for the period 1750-1995.

The seasonal and the mean annual coral 0180 signals were shown to provide a proxy for

the large-scale SST variability in the northern Red Sea [Fehs et al. , to be submitted

1999].

The paleoclimatic information derived from the coral record, supported by

instrumental and proxy records of climate from the region, revealed that during colder

periods in the Middle East the northern Red Sea region is more arid (higher evaporation)

whereas the eastern Mediterranean region in the north is wetter. During warmer periods

the northern Red Sea region is less arid (lower evaporation) whereas the eastern
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Mediterranean region is drier. This pattern was explained by variations in the latitudinal

position of the subtropical westerly jet stream, the associated subtropical high-pressure

belt, and therefore the descending branch of the northern Hadley cell with its subsiding

air, as weil as of the moisture bringing North Atlantic westerlies which are located in the

north of this system [Fehs et al. , to be submitted 1999].

During a cold period on interannual to interdecadal/multidecadal timescales the jet

stream was assumed to shift southward with the location of the associated high-pressure

belt over the northern Red Sea resulting in increased arid conditions for this region

whereas the accompanied southward shift of the North Atlantic westerlies results in

increased rainfall in the eastern Mediterranean region. During a warm period the jet

stream was assumed to shift northward resulting in less arid conditions in the northern

Red Sea whereas the location of the high-pressure belt over the eastern Mediterranean

and the accompanied northward shift of the westerlies results in decreased rainfall for this

region. The Ras Umm Sidd coral record was therefore interpreted as a proxy of Middle

East temperature variability but also as a proxy of northern Red Sea aridity and indirectly

of eastern Mediterranean rainfall [Fehs et al. , to be submitted 1999].

5.4. Results and discussion

The detrended bimonthly coral 8180 time series is shown in Figure 5.2a. The result of

the spectral analysis of this time series is shown in Figure 5.2b. Significant spectral peaks

(minimum of80% level) are at periods of70, 8.6, 5.7, 3.4, 2.7, 2.2., 2.0, and 1.7 years. A

not significant peak at 22.2 years is of possible interest because a similar peak occurs in

the singular spectrum analysis (SSA) [Vautard and Chi!, 1989] of the time series. We

used SSA to reconstruct the most prominent oscillatory modes in the coral 8180 time

series. The most prominent mode (beside the seasonal cyc1e) has aperiod of 70 years and

shows a decrease in amplitude over the last ~200 years (Figure 5.3a). The amplitude of

the 22.8-year mode varies but is relatively constant throughout the record (Figure 5.3b).

The amplitude of the 5.7-year mode becomes stronger during the 20th century (Figure

5.3c). Conversely, the 8.7-year mode becomes weaker during these times (Figure 5.3d).

Because of the occurence in both spectral analysis and SSA we interpret periods of 70,

22-23, 5.7, and 8.6-8.7 years as the most robust signals in the Ras Umm Sidd coral 8180

time series. Spectral analysis of the detrended mean annual coral 8180 time series (not

shown) also indicates significant peaks (minimum of 80% level) at periods of 69, 8.6, and

5.7 years and a not significant peak at 22.6 years.

Cross-spectral analysis between the Ras Umm Sidd mean annual coral 8180 record

and the commonly used winter (December-March) index of the NAO [Hurrel, 1995]

indicates that the two time series are coherent at periods of 22.6, 7.6, and 5.7-5.8 years

(Figure 5.4a). At these periods, 65-79% of the variance is linearly correlated between

these time series. The prominent periods of 22-23 and 5.7 years which are identified by

both spectral analysis and SSA of the entire coral time series can therefore be attributed
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to the NAO. Despite the high coherency between coral 6180 and the NAO at aperiod of

7.6 years, which is the most prominent peak in the instrumental NAO spectrum (1864

1994), this peak can not be identified in the spectrum of the entire coral record. However,

spectral analysis of a proxy NAO index based on eastern North America and

northwestern Europe tree ring data (1701-1980) indicates the most prominent peak in the
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Figul'e 5.2. (a) Detrended bimonthly coral 8180 time series from Ras Umm Sidd in the

northernmost Red Sea (Egypt). Units are in %0 relative to the Pee Dee belemnite (PDB)

isotopic standard. (b) The results ofBlackman-Tukey spectral analysis [Jenkins and Watts,

1968; Paillard et al. , 1996] of the time series. Spectral density equals variance divided by

frequency. Those peaks of the spectnlll1 (dotted line) are declared to be significant which

rise above the low-resolution spectnlll1 (thin solid line) by a distance greater than the one

sided confidence interval at the 80% level (thick solid line). The periods (in units of years)

of statistically significant peaks are shown. Underlined periods occur as prominent

oscillatory müdes in the singular spectnlll1 analysis (SSA) [Vautard and Ghil, 1989] of the

time series. Periods in brackets are not significant but occur in the SSA. "BW" indicates

bandwidth.
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Figure 5.3. The results of singular spectrum analysis (SSA) [Vautard and Ghil, 1989;

Paillard et al. , 1996] of the bimonth1y cora1 8180 time series from Ras Umm Sidd. The

most prominent oscillatory modes are ShOWll (bold solid lines) with the period (in units of

years) and percentage variance (of the detrended bimonth1y time series) indicated. Each

reconstruction is the sum of two modes of an oscillatory pair which are in phase

quadrature; (a) modes 3 and 4, (b) modes 5 and 6, (c) modes 8 and 9, and (d) modes 10 and

11. The first 11 modes (with respect to the variance captured) were considered, except

mode 7 which has no oscillatory counterpart. The remainder is interpreted here as noise.

Not shown is the most prominent oscillation (mode 1 and 2) with aperiod of 1 year (65%

ofvariance) which represents the seasona1 cyde. For SSA a window lenght of 35 years was

used; a 80-year window length was used to better reso1ve the 70-year mode. Also shown is

the detrended mean annua1 cora1 8180 time series (thin dotted line) for direct comparison.

High coral 8180 va1ues indicate low temperatures (note that the 8180 sca1e has been

reversed for direct comparison with temperatures) which are associated with increased

aridity in the northern Red Sea and increased rainfall in the eastern Mediterranean region,

and converse1y for low cora1 8180 values which indicate high temperatures [Fehs et al., to

be submitted 1999]. Units are in %0 relative to the Pee Dee belemnite (PDB) isotopic

standard.
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Figure 5.4. The results of Blackman-Tukey cross-spectral analysis [Jenkins and Watts,

1968; Paillard et al., 1996] (a) between mean al1IlUal Ras Umm Sidd cora1 6180 and the

winter (December-March) NOIth Atlantic Oscillation (NAO) index [Hurrel, 1995] for the

interval1864-1994, (b) between bimonth1y variations in Ras Umm Sidd coral 6180 and the

extended NIN03 SST anoma1y index [Kaplan et al., 1998; Reynolds and Smith, 1994], a

measure ofEI Niüo-Southern Oscillation (ENSO) strength, for the interval 1856-1995, (c)

between bimonthly variations in Ras Umm Sidd coral 6180 and Seychelles coral 6180

[Charles et al., 1997] for the interval 1846-1995, and (d) between bimonth1y variations in

Ras Umm Sidd coral 6180 and the North Pacific (NP) SST anoma1y index [Kaplan et al. ,

1998] for the interval 1856-1991 (see Figure 1 für locations). Each upper panel shows the

variance spectra of the individual time series, each lower panel shows the coherency (the

corre1ation coefficient as a function of frequency) between these time series (bold solid

line). The thin dotted 1ine in the lower panel indicates the one-sided coherency confidence

interval at the 80% level. Coherency va1ues of >0.8 indicate that over 64% (0.82
) of the

variance at these periods is 1inearly correlated between these time series. The periods (in

units of years) for which the two time series are coherent at the 80% level are shown. The

criteria for this are that the variance peaks are aligned (in the upper panel) and that the

corresponding coherency exceeds the 80% confidence level (CL, horizontal line in the

lower panel). "BW" indicates bandwidth.
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7-10 year frequency band at aperiod of 8 years [Cook et al. , 1998]. A further proxy

NAO index based on Greenland ice core data (1648-1991) indicates maximum spectral

power at periods of 5-7 and 9-11 years in the corresponding frequency band [Appenzeller

et al., 1998]. The ice core index also reveals that the NAO is an intermittent climate

oscillation with no indication far dominant and persistent, multiannual periods evident

[Appenzeller et al., 1998]. We therefore suggest that the prominent period of 8.6-8.7

years which is identified by both spectral analysis and SSA of the entire Ras Umm Sidd

coral time series can be also attributed to the NAO, but shifts to increased spectral power

at aperiod of7.6 years in the 20th century.

The most prominent oscillation in the Ras Umm Sidd coral record with aperiod of 70

years (Figure 5.3a) is most likely also associated with climate variability in the North

Atiantic region. An oscillation with aperiod of 69-70 years was identified in instrumental

global-mean temperature records (1850s-1992) with increased variability in the region of

the North Atlantic and its bounding Northern Hemisphere continents, including northern

Mrica [Schlesinger and Ramankutty, 1994]. This oscillation was attributed to internal

variability of the ocean-atmosphere system centered in the North Atiantic [Schlesinger

and Ramankutty, 1994]. A 70-year oscillation was also identified as a prominent spectral

peak in the tree-ring NAO index (1701-1980) [Cook et al., 1998]. Multidecadal climate

variability in the Nort Atiantic region has been widely noted eIsewhere [Mann et al.,

1998]. Coupled ocean-atmosphere model simulations revealed 40- to 80-year oscillations

associated with variations ofthe North Atlantic thermohaline circulation [Delworth et al. ,

1993; Delworth et al., 1997].

An important characteristic of the Ras Umm Sidd coral record is the dominance and

persistance of the 70-year oscillation throughout the entire time series (1750-1995). This

is in contrast to the tree-ring NAO index where the 70-year oscillation is largely restricted

to the post-1850 interval [Cook et al. , 1998] and also to the ice core NAO index where

significant variability on timescales of 80-90 years is observed from 1850 onward only

[Appenzeller et al. , 1998]. Another important aspect is that a prominent cooling interval

indicated by the mean annual Ras Umm Sidd caral record for the Middle East in the first

half of the 19th century which can be also found in several Northern Hemisphere

temperature reconstructions [Mann et al. , 1998; Jones et al. , 1998; Overpeck et al. ,

1997] is related to the 70-year climate oscillation ofNorth Atlantic origin (Figure 5.3a).

This cooling interval is generally attributed to a pulse of large explosive volcanic

eruptions but also to decreased solar irradiance during this time [Mann et al., 1998;

Overpeck et al., 1997; Lean et al., 1995].

The 5.7-year oscillation in the Ras Umm Sidd coral record is of considerable interest

because it was identified as the most prominent period in the cospectrum of NAO and

ENSO, using a winter NAO index derived from the pressure differences between Ponta

Delgadas, Azores, and Akureyri, Iceland, and an index of ENSO derived from the winter

pressure anomalies at Darwin, Australia, for the period 1900-1983 [Rogers, 1984]. The

results of cross-spectral analysis between the Ras Umm Sidd coral (5
180 time series and

the extended NIN03 index [Kaplan et al. , 1998; Reynolds and Smith, 1994] are shown in
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Figure 5.4b. The extended NIN03 index is produced by optimal interpolation methods

using present-day SST patterns to enhance the meager data available in the past [Kaplan

et al. , 1998] and is updated from November 1981 by continuous direct observations

[Reynolds and Smith, 1994]. Ras Umm Sidd coral 8180 and NIN03 are coherent at

periods of 5.7-5.8 and 2.0 years, where 56-70% of the variance is linearly correlated

between these time series (Figure 5.4b). A coral 8 180 record from the Seychelles in the

southwestern equatorial Indian Ocean (Figure 5.1) was shown to provide a proxy for the

zonal Pacific-Indic ENSO teleconnection [Charles et al. , 1997]. Cross-spectral analysis

between Ras Umm Sidd and Seychelles coral 8180 indicates that the two time series are

highly coherent at aperiod of 5.7 years (Figure 5.4c), where 75% of the variance is

linearly correlated between these time series.

The results show that the prominent 5.7-year oscillation in the Ras Umm Sidd coral

time series is linearly correlated not only to the NAO but also to the ENSO. A physical

explanation for an ENSO signal in the Ras Umm Sidd coral record could be provided by

the zonal Pacific-Indic teleconnection which controls the ENSO signal in the Seychelles

coral record [Charles et al. , 1997]. Evidence that this is apparently not the case comes

from a coral 8180 record from the Dahlak Archipelago [Klein et al. , 1997] in the southern

Red Sea (Figure 5.1). Cross-spectral analysis between the Ras Umm Sidd and the Dahlak

record (not shown) reveals no significant coherencies in the 5- to 6-year frequency band.

A lack of coherencies in this frequency band is also indicated by cross-spectral analysis

between the Seychelles and the Dahlak coral record (not shown).

Our rationale are that if the zonal Pacific-Indic teleconnection would control the

ENSO signals in both Seychelles (4.6°S) and Ras Umm Sidd (27.8°N) coral 8180 this

should also be the case for the Dahlak record (15. 7°N) and all three coral records should

reveal significant coherencies in the 5- to 6-year frequency band between each other,

which is only the case for the Ras Umm Sidd and the Seychelles record. We therefore

suggest that the correlation of the prominent 5.7-year oscillation in the Ras Umm Sidd

coral time series with the ENSO results from an extratropical ENSO teleconnection via

the North Pacific associated with variations in the latitudinal position of the subtropical

westerly jet stream [Philander, 1990; Hurrel, 1996; Price et al. , 1998].

The concentration of significant but not persistant coherence between the NIN03

index [Kaplan et al. , 1998] and the NAO index [Hurrel, 1995] in the 5- to 6-year period

band was recently reported for the interval of 1865-1995 applying multiresolution cross

spectral analysis [Huang et al., 1998]. This relationship between ENSO and NAO was

explained to be a result of changes in the atmospheric circulation over the Northern

Hemisphere associated with variations in the Pacific-North American (PNA)

teleconnection pattern [Huang et al. , 1998]. lt was suggested that the ENSO modulates

the NAO through the PNA pattern resulting in changes in the jet stream and strom track

locations over the North Atlantic [Huang et al. , 1998]. However, there is also evidence

that the winter NAO leads the changes in atmospheric conditions over the North Pacific
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and western North America associated with the PNA pattern by three years during the

period 1958-1997 [Lin and Derome, 1998].

The dominant role ofthe North Pacific (Figure 5.1) concerning the 5.7-year oscillation

in the Ras Umm Sidd coral time series can be clearly seen in the results of cross-spectral

analysis between the coral record and the North Pacific (NP) SST anomaly index [Kaplan

et al. , 1998]. The two time series a coherent at aperiod of 5.7-5.8 years, where 92% of

the variance is linearly correlated (Figure 5.4d). In summary, these results support our

assumption that the prominent 5. 7-year oscillation in the Ras Umm Sidd coral time series

beside the NAO-reIated origin represents ENSO-NAO interactions via extratropical

ENSO-North Pacific teleconnections.
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Figure 5.5. The four prominent oscillatory modes ofthe Ras Umm Sidd coral time series as

reconstructed by singular spectrum analysis (SSA) are shown to reveal their interaction in

the contral of mean annual Middle East climate variability (see also Figure 5.3). Shading

indicates extraordinarily cold years (1755, 1834-1835, 1883-1884, and 1949). Units are in

%0 relative to the Pee Dee belemnite (PDB) isotopic standard.

The frequency domain analysis of the Ras Umm Sidd coral 0180 time series from the

northernmost Red Sea reveals that both the NAO and the ENSO contributed significantly

to the climate variability of the Middle East during the past ~250 years. The interaction

between these two modes of the global climate system has an important control on

Middle East temperature and aridity/rainfall variability on internannual to multidecadal

timescales. This is emphasized by the interaction between the four prominent oscillations

related to these modes in creating the extraordinarily cold years of 1755, 1834-1835,

1883-1884, and 1949 in the northern Red Sea and probably the entire Middle East, with

the dominant role ofthe 70-year oscillation clearly evident (Figure 5.5). These years were

most likely associated with increased aridity (high evaporation) and deep water formation

in the northern Red Sea and increased rainfall in the eastern Mediterranean region [Felis
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et al. , to be submitted 1999]. However, the cold anomalies in 1755, 1835, and 1883-1884

where probably amplified by regional cooling resulting from the stratospheric aerosol

input of co-occuring large explosive volcanic eruptions [Fehs et al. , to be submitted

1999].

Frequency domain analysis of long 8180 time series derived from fossil corals of the

region will hopefully provide informations on the climate variability in the Middle East

during the Mid-Holocene (6000-5000 years ago) and therefore on a possible influence of

the Asian monsoon summer rainfall regime on these latitudes during these times.
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6. General conclusions
Coral stable isotope records in bimonthly resolution from two locations in the desert

enc10sed northern Red Sea were used to reconstmct the c1imate and ocean variability of

this subtropical region for the past nearly 250 years on the seasonal to multidecadal

timescale. The study provides the first paleoc1imatic record of this kind concerning

resolution and length in the whole Middle East region. The study area is located near

latitudes 28°-29°N at the northern rim of the African-Asian desert-belt with the winter

wet Mediterranean c1imate regime being in a distance of less than 300-500 km to the

north.

• A 19-year (1974-1993) coral stable carbon isotope record (Ö l3C) from Eilat

(Israel) at the northern end of the Gulf of Aqaba (the northeastern extension of the

Red Sea proper) documents interannual events of extraordinarily large plankton

blooms, indicated by anomalous l3C depletions in the coral skeleton. These blooms are

caused by deep vertical water mass mixing, convectively driven in colder winters,

which results in increased supplies of nutrients to the surface waters.

• The deep vertical mixings can sometimes be driven by the cooling occuring

throughout the Middle East after large tropical volcanic emptions. There is evidence

in the coral Öl3C record for an indirect volcanic signal of the emptions of EI Chich6n

(Mexico, 1982) and Mount Pinatubo (Philippines, 1991).

• Deep mixing induced Öl3C variations of the dissolved inorganic carbon in the

surface waters can be neglected at this location. It is therefore suggested that the l3C

skeletal depletions can be best explained by changes in the coral' s autotrophy

heterotrophy diet, through increased heterotrophic feeding on zooplankton during the
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•

•

•

•

blooms. Increased feeding on 13C-depleted zooplankton 01' increased heterotrophy at

the expense of autotrophy can both result in a l3C-depleted coral skeleton.

• The results of the Eilat coral record provide new insight into the controls of the

Öl3C signal in the skeletons of massive corals and therefore address a long standing

problem in coral-based paleoclimatic reconstructions. If the conclusions are

substantiated, seasonal öl3C records of corals which change from autotrophy under

normal conditions to increased heterotrophy during bloom events may be used as

indicatofs of ocean paleoproductivity at interannual resolution, available from no other

source.

A 245-year (I 750-1995) coral oxygen isotope record (Ö I80) from Ras Umm Sidd

(Ras Mohammed National Park, Egypt) near the southern tip of the Sinai Peninsula in

the northern Red Sea reveals new aspects on large-scale Middle East climate

variability. The coral record, supported by instrumental and proxy records of climate,

suggests that during colder periods on the interannual to interdecadallmultidecadal

timescale the northern Red Sea region is more arid (higher evaporation) whereas the

eastern Mediterranean region in the north is wetter. During warmer periods the

northern Red Sea region is less arid (lower evaporation) whereas the eastern

Mediterranean region is drier.

This pattern is explained by variations in the latitudinal position of the subtropical

westerly jet stream, the associated subtropical high-pressure belt, and therefore the

descending branch of the northern Hadley cell with its subsiding air, as weIl as of the

moisture bringing North Atlantic westerlies which are located in the north of this

system. It is assumed that during a cold period the jet stream shifts southward with the

location of the associated high-pressure belt over the northern Red Sea resulting in

increased arid conditions in this region whereas the accompanied southward shift of

the North Atlantic westerlies results in increased rainfall in the eastern Mediterranean

region. During a warm period the jet stream is assumed to shift northward resulting in

less arid conditions in the n0l1hern Red Sea whereas the location of the high-pressure

belt over the eastern Mediterranean and the accompanied northward shift of the

westerlies results in decreased rainfall in this region.

Considering results of other paleostudies it could be possible that comparable

processes may have also worked on the millennial timescale during the Holocene and

on the timescales of Heinrich events and Dansgaard-Oeschger events during the last

glacial period.

The coral öl80-based sea surface temperatures (SSTs) suggest that mean annual

SSTs between 1751 and 1900 were -0.3°C lower than the 20th century average.

The northern Red Sea is probably the only site in the world oceans where water

mass formation occurs and reef corals grow. The winter Ö
l80 values of the coral

record can be used to detect episodic events of deep water formation of the Red Sea

thermohaline circulation during anomalously arid and cold winters, which are

sometimes associated with EI Nifio events and large volcanic eruptions.

•
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• Spectral analysis of the coral time senes reveals that both the North Atlantic

Oscillation and the EI Nifio-Southern Oscillation phenomenon of tropical Pacific

origin contributed significantly to the cIimate variability of the Middle East during the

past 245 years on interannual to multidecadal timescales.

• The results suggest that interaction between extratropical and tropical modes of

the global cIimate system has an important control on subtropical cIimate variability

via atmospheric teleconnections, and that a prominent cooling interval in the first half

of the 19th century evident in several Northern Hemisphere temperature

reconstructions can be reIated to a 70-year cIimate oscillation of most probably North

Atlantic origin, at least for the Middle East region.
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7. Directions for future research
7.1. Centuries-Iong coral records of paleoclimate

The longest published coral stable isotope time series in seasonal resolution from New

Caledonia in the southwest Pacific provides 335 years ofrecord [Quinn et al., 1998]. The

longest coral time series in monthly resolution is from the Seychelles in the western

equatorial Indian Ocean and provides 150 years of record [Charles et al., 1997]. The at

least seasonal-resolution coral time series published in the 1990s commonly provide 100

300 years of paleoc1imatic record. It is also possible to generate coral stable isotope time

series in near-weekly resolution, but this has only be done for short intervals of 6 to 12

years [Gagan et al., 1994; Gagan and Chivas, 1995]. A recently published coral time

series from the central equatorial Pacific provides a better-than-monthly resolution record

for a 55-year interval [Evans et al., 1998a]. The resolution of a coral time series is always

a compromise between the given length of arecord and the amount of stable isotope

measurements possible for this study. For centuries-long coral-based reconstructions of

large-scale ocean-atmosphere processes a bimonthly sampling resolution might be an

optimal compromise as shown in this thesis or in a 200-year coral record from the

southeastern Indian Ocean [Kuhnert et al., 1999]. A bimonthly resolution also enables the

refinement of the initial age model of a coral chronology which is usually based on

density-band counting. The strong seasonal cyc1e in coral stable isotopes can be used to

count annual layers in a coral rather than relying completely on a sporadically weak

density banding [e.g., Charles et al., 1997]. To the best of my experience at least 6

sampIes per year on average are necessary for effectively using the seasonal cyc1e in coral

stable isotopes for the refinement of the age model of a coral chronology.
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The published coral stable isotope records culminate between lengths of 100 and 300

years because most living massive coral colonies are not older than this. One goal for

future coral-based paleoclimatc studies should be to search for older but still living

colonies (which is already in progress) to provide well-dated seasonal resolution records

for the past more than 500 years. Arecent study from the Great Barrier Reef described a

Porites record covering aperiod of 507 years where the annual variations in calcif1cation

could be related to SST variability [Lough and Barnes, 1997]. However, a stable isotope

time series of such arecord could provide seasonal or higher resolution paleoclimatic

information which would also give better estimates of the mean annual values, for

centuries. The challenge is to find these huge, old and still living coral colonies which is

not easy because they are not widespread.

In the northern Red Sea a 2-week land-based survey at a total of 21 locations along

the 180-km-long Sinai coast of the Gulf of Aqaba detected Porites colonies of 2- to 3-m

height (vertical diameter) at only 3 sites [Felis and Pätzold, 1996]. Considering the

average growth rate for Porites corals of about 1 cm per year such colonies are probably

growing since 200 to 300 years, which is comparable to the Ras Umm Sidd coral record

described in this thesis. Larger and hopefully older, still living coral colonies can be

possibly found along the fringing reefs of the Jordanian and Saudi Arabian coast of the

Red Sea.

7.2. Methods

The dependence of coral 0180 on both SST and the 0180 of the seawater with the

latter linked to variations in salinity raised up the need for an additional proxy either for

salinity or for temperature. Measurement of the Sr/Ca ratio in corals by applying isotope

dilution on a thermal ionization mass spectrometer (TIMS) [Beck et al. , 1992] was shown

to provide a promising proxy for SST variability [McCulloch et al., 1994; Shen et al.,

1996; Alibert and McCulloch, 1997; Gagan et al., 1998], despite the reliability has also

been called into question [de Villiers et al. , 1995] and still differences in the temperature

calibrations between different studies exist [Beck, 1998]. However, this technique is

expensive, laboratory-intensive, and time-consuming and therefore not adequate for the

rapid generation of centuries-long coral Sr/Ca records in seasonal resolution. It is

important to recall that the 245-year Ras Umm Sidd coral record in bimonthly resolution

described in this thesis is based on more than 1500 stable isotope measurements. The

longest published seasonal resolution coral Sr/Ca records only cover periods of 20 to 28

years [Alibert and McCulloch, 1997].

The combined use of coral Sr/Ca and 0180 was shown to provide a powerful tool for

reconstructing past SST and sea surface 0180 changes simultaneously during short time

intervals [McCulloch et al. , 1994; Shen et al. , 1996; Gagan et al. , 1998]. The use of both

proxies in parallel can provide important information about past variations in SST and

rainfall/evaporation and therefore on atmospheric moisture transport [Gagan et al. ,
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1998]. However, to reconstruct climate variability in seasonal resolution over several

centuries there is the need for developing a faster technique for the measurement of Sr/Ca

ratios in coral skeletons.

Much work is in progress for the more rapid determination of coral Sr/Ca ratios at

high precision to allow the application of this technique to centuries-Iong time series.

Recently, Schrag [1997] briefly presented such a procedure using a cheap (relative to

TIMS) inductively coupled plasma-atomic emission spectrometer (ICP-AES multi

collector). This procedure provided a much higher precision than the more common

analysis on an ICP-MS quadrupole. Applying this procedure a centuries-Iong coral Sr/Ca

record in seasonal resolution was generated (D. P. Schrag, personal communication,

1998) which, in combination with the coral (5180 record, will provide a powerful tool for

the reconstruction of past ocean-atmosphere variability. The generation of such long time

series using coupled (5
180 and Sr/Ca measurements will become the goal of coral-based

paleoclimatic research during the next years.

The promising application of Mg/Ca ratios measured by the simple, fast, and cheap

technique of inductively coupled plasma-atomic emission spectrometry (ICP-AES) as a

new proxy for coral-based SSTs [Mitsuguchi et al., 1996] is possibly not so precise as

reported earlier (T. Correge, personal communication, 1998). A new, fast and accurate

analytical technique was recently introduced to measure Sr/Ca, Mg/Ca, U/Ca, and Ba/Ca

on the same coral sampie using an ICP-MS quadrupole [Correge et al. , 1997]. There is

also much progress in the analysis of elemental ratios in corals in the solid state by

microbeam methods such as ion microprobe [Allison, 1996; Hart and Cohen, 1996] or

laser ablation ICP-MS (LA-ICP-MS) [Sinclair et al., 1998]. However, there are still

problems with the analytical precisions conceming the effective application in

paleotemperature studies.

Coral cores for paleoclimatic studies of the past several hundred years are commonly

collected from living colonies because the age model of the chronology can then be easily

developed by counting the density bands or the seasonal cycles in geochemical parameters

starting at the living top of the core. However, progress in TIMS U-Th dating may

provide the opportunity to obtain well-dated coral records from already dead modem

colonies. The precision of a recently reported TIMS U-Th date of 254±2 years from a

Norwegian spe1eothem [Lauritzen and Lundberg, 1998] is encouraging. This age error is

in the same range as these which are typically assigned to the bottom of 200- to 3OO-year

long coral cores collected from living colonies. Large, dead modem coral colonies

probably provide an unique opportunity to extend seasonal resolution paleoclimatic

records back over the entire millennium, by using well-dated cores from colonies which

provide windows for different time periods of the record. This is a common procedure in

dendroclimatoI0 gy.
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7.3. New sites for coral-based reconstructions of paleoclimate

Optimal sites for caral-based reconstructions of SST with respect to the global SST

field were recently discussed in the work of Evans et al. [1998b]. As a further site far

coral-based paleoclimatic studies in the Middle East Kuwait (~29°N) at the northwestern

end of the Persian Gulf could be of considerable interest. This location is probably well

suited for verifying the paleoclimatic interpretation of the Ras Umm Sidd coral recard

described in this thesis and to extend its implication over the entire Middle East. A

problem at this location could be the runoff resulting from the Euphrates-Tigris river

system. However, this defect could be possibly exploited using a multiproxy approach to

derive information about past rainfall variability in the source region of this river system

which is located as far north as Asia Minor.

In a more global view a region of interest for coral-based paleoc1imatic

reconstructions is the tropical and subtropical Atlantic Ocean. The tropical Atlantic

dipole, a decadal oscillation associated with relative changes in SST between the

hemispheres, has a strong influence on the modulation of floods and droughts in northeast

South Arnerica (Nordeste region of Brazil) and the Sahe1 region of Africa [Chang et al. ,

1997]. Coral-based reconstructions of c1imate variability in the tropical Atlantic region

over the past centuries would provide a better understanding of this oscillatory mode.

Coral paleoc1imatic work in this region already started recently [Swart et al., 1998].

7.4. Paleoclimatic reconstructions from modern and fossil corals

The work of Gagan et al. [1998] successfully demonstrated the application of

combined 8 180 and Sr/Ca measurements on modern and fossil corals to derive

information about changes in temperature and surface-ocean water balance relative to the

Mid-Holocene (~5000-6000 years B.P.) in the tropical western Pacific. Coral Sr/Ca

records of different periods of time during the early Holocene were used to detect abrupt

SST changes in this region [Beck et al., 1997]. In the northern Red Sea region

paleoc1imatic work on Mid-Holocene corals is in progress [Maustafa et al., submitted

1999]. The combined approach of using seasonal resolution paleoc1imatic records derived

from modern and fossil corals will provide information on possible changes in Middle

East c1imate variability relative to the Mid-Holocene. The combination of the coral

derived paleoclimatic information with high-resolution marine sediment records from the

Red Sea could be a focus for future studies. Work on such sediment records is already in

progress in the eastern Mediterranean Sea [Schi/man et al. , 1998]. A further region for

such a combined study could be the tropical Atlantic Ocean, where also high-resolution

marine sediment records exist [Arz et al. , 1998].
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Appendix: Data tables

COloal core EILAT-1 (Porites spo) Stable isotope data

Cot-e deptlt Age 0 180 013C Core depth Age 0 180 013C

[ern] [years] W.. POß] [0/00 POß] [ern) [years] [%0 POß) W.. POß)

15.725 -3.12 -097 8.325 1981.466 -3.21 -1.61

15.650 -331 -1.24 8.225 1981.595 -3.47 -234

15.550 -3.18 -1.51 8125 1981.724 -3.27 -1.97

15.450 -2.91 -1.31 8.025 1981.853 -3.20 -2.04

15300 1974.208 -2.59 -1.54 7.950 1981.950 -2.99 -2.18
15.150 1974.358 -2.89 -1.33 7850 1982.079 -2.83 -2.37

15.050 1974.458 -3.03 -0.94 7750 1982.208 -2.69 -2.54

14.950 1974.558 -3.22 -0.91 7.650 1982.337 -292 -1.82
14.875 1974.633 -3.47 -123 7.550 1982.466 -3.16 -1.20
14.750 1974.758 -3.36 -1.09 7.450 1982.595 -3.45 -2.15
14.675 1974.833 -3.32 -1.43 7.375 1982.692 -3.50 -1.74
14.575 1974.933 -3.21 -1.51 7275 1982.821 -3.42 -1.90
14.475 1975.033 -3.05 -1.49 7.175 1982.950 -2.96 -228
14.400 1975.108 -2.83 -1.78 7.075 1983.079 -2.69 -2.61
14.300 1975.208 -2.69 -1.99 6.975 1983.208 -2.66 -2.89
14025 1975.498 -2.74 -0.72 6.875 1983.408 -3.22 -1.13
13.875 1975.656 -3.27 -1.17 6.775 1983.608 -3.39 ·1.23
13.750 1975.787 -3.21 -1.28 6.675 1983.808 -3.18 ·1.45
13.650 1975.893 -3.26 ·115 6575 1984.008 -2.65 -1.27
13.550 1975.998 -2.86 -1.49 6.475 1984208 ·2.37 -1.01

13.450 1976.103 ·2.73 -176 6.350 1984.340 ·2.52 -083
13.350 1976.208 ·2.56 -2.52 6250 1984.445 ·2.94 -098
13.250 1976.319 -2.61 -1.74 6.150 1984.550 ·3.26 -1.32
13.150 1976.431 -2.87 ·1.02 6.075 1984.629 -3.33 ·1.45
13.075 1976.514 -303 -0.76 5.950 1984.761 ·3.30 -1.67
12.975 1976.625 -3.22 ·1.16 5.850 1984.866 -3.17 ·1.97
12.875 1976.736 -3.18 ·1.17 5.750 1984.971 -2.81 -2.06
12775 1976.847 -3.13 -1.23 5.625 1985.103 -2.64 -1.72
12.675 1976.958 ·3.12 ·1.46 5.525 1985.208 -2.62 -1.39
12.550 1977.097 -2.71 -1.22 5.425 1985.337 -3.05 ·1.50
12.450 1977.208 -2.66 ·1.03 5325 1985.466 -3.25 -1.59
12.250 1977.382 ·2.68 -1.47 5.225 1985.595 -3.07 -0.87
12125 1977.491 -282 -1.21 5.125 1985.724 -3.13 ·1.77
12.075 1977.534 ·2.88 ·1.43 5.000 1985.886 -2.89 -2.14
11.950 1977.643 ·3.21 -1.30 4.875 1986.047 -2.84 ·2.07
11.850 1977.730 -3.33 -1.29 4.750 1986.208 -2.75 ·2.01
11.775 1977.795 -3.31 ·1.39 4.650 1986.323 -2.94 -1.73

11.650 1977.904 -3.24 ·1.23 4525 1986.465 -3.23 -225
11.525 1978.013 ·303 -1.93 4.425 1986.580 ·3.43 -2.70
11.425 1978.100 ·2.80 -170 4.300 1986.723 ·3.58 ·2.10
11.300 1978.208 -2.64 -2.42 4.225 1986.808 -3.44 -1.90
11.225 1978.299 ·2.69 ·2.60 4100 1986.951 ·3.06 ·2.10
11125 1978420 ·3.04 -2.05 3.975 1987.094 -2.74 -2.48
11.025 1978.542 -3.18 ·1.27 3.875 1987.208 -2.60 -222
10950 1978.633 ·3.23 -079 3.775 1987.390 ·3.06 ·1.10
10.875 1978.723 ·3.13 -0.49 3.675 1987572 -3.38 ·1.67
10.775 1978.845 ·3.20 -0.98 3.575 1987.754 ·3.44 ·224
10.700 1978.936 -3.13 -0.99 3.500 1987.890 -3.20 -2.15
10.575 1979.087 ·2.87 -1.79 3.400 1988.072 ·2.94 -2.16

10.475 1979208 ·2.63 ·2.23 3.325 1988.208 ·2.75 ·2.20
10.375 1979.306 ·2.64 ·215 3200 1988.381 ·288 ·1.75
10.275 1979.403 -3.03 -1.10 3.075 1988553 -3.38 -1.67
10.200 1979.477 -3.06 -0.90 2.975 1988.691 -3.59 -1.68
10.100 1979.574 ·3.16 -0.89 2.875 1988.829 ·3.54 ·1.59
10.025 1979.647 -3.38 -1.66 2.800 1988.932 -3.08 -1.36
9.925 1979.745 -3.32 -1.58 2700 1989.070 ·2.81 ·1.94
9.825 1979.842 ·3.13 ·1.91 2600 1989.208 ·2.56 ·2.79
9.725 1979.940 -3.17 -1.86 2.500 1989.337 -2.97 -0.99
9.650 1980.013 -3.20 ·2.19 2.375 1989.499 ·3.03 -1.22
9.525 1980.135 ·2.71 -242 2.275 1989.628 -3.34 ·1.27
9.450 1980.208 -2.62 -2.49 2.150 1989.789 ·3.30 -1.57
9350 1980.316 ·2.77 ·2.06 2.050 1989.918 -297 ·1.91
9.250 1980.425 -2.99 -1.84 1.950 1990.047 ·2.75 -1.54

9.150 1980.533 -3.25 ·2.21 1.825 1990.208 -267 ·1.14
9.075 1980.614 ·3.18 -1.94 1.700 1990.381 -3.45 -1.86
9.000 1980.695 ·3.30 ·1.94 1.575 1990.553 -3.40 -1.66
8.875 1980.830 ·3.16 -2.24 1.450 1990.726 ·3.27 ·2.09
8.750 1980.965 ·3.11 ·2.41 1.325 1990.898 -3.10 ·2.09
8.625 1981.100 ·2.89 ·2.43 1.225 1991.036 -286 ·2.12
8.525 1981.208 ·2.80 ·2.18 1.100 1991.208 -285 ·2.00
8.425 1981.337 ·284 -1.62 1.000 1991.375 -3.12 -1.66
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Coral core EILAT-1 (Porites SIl.) - Stable isotolle data

COl'e depth

[em]

0.875
0.775
0.675
0.600
0.500
0400
0.300
0.175
0.050

Age

[years]

1991.583
1991750
1991.917
1992.042
1992.208
1992431
1992.653
1992.931
1993.208

0180
[r.. PDB]

·3.38
·3.27
·3.04
·2.82
·2.37
·3.36
·3.32
·3.04
·259

o"c
[r.. PDB]

·1.64
·1.53
.147

·2.67
·2.71
·1.12
.1.78

·226
·2.90

Co.-al core EILAT-1 (Porites SIl.) - Annual coral growth rate

Yeal' Gl'owth rate

[em/yeal']

1974 1.000
1975 0.950
1976 0.900
1977 1150
1978 0.825
1979 1.025
1980 0925
1981 0.775
1982 0.775
1983 0.500
1984 0.950
1985 0.775
1986 0.875
1987 0.550
1988 0.725
1989 0.775
1990 0.725
1991 0.600
1992 0450
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Coral core RUS-95 (Porites sp.) Stable isotone data

Core depth Age /),80 Core depth Age /)'80 Core depth Age /)'80

rem) [yeal'S] [0/00 POß) rem) [yeal'S] [0/00 POß] rem) [yeal'S) [ro. POß)

241.350 -3.45 231.325 1762.222 -2.92 221250 1775.125 -2.88
241.250 ·3.25 231.225 1762.351 ·2.90 221.075 1775.309 -312
241.050 1750.925 ·282 231.100 1762.512 ·3.34 220.875 1775.520 -3.67
240.850 1751.125 ·2.78 231000 1762.641 -3.93 220.775 1775.625 ·3.86
240.750 1751.225 -3.01 230.900 1762770 ·3.58 220.700 1775.704 ·3.51
240.650 1751.325 ·3.02 230.800 1762.899 ·3.45 220.500 1775.914 ·3.17
240.550 1751.425 ·3.44 230.700 1763.028 ·3.17 220300 1776.125 ·2.82
240.475 1751.500 ·3.75 230.625 1763.125 -2.65 220.100 1776341 ·3.10
240.275 1751.700 -3.42 230.500 1763.403 ·3.43 220.000 1776.449 -3.42
240.100 1751.875 ·3.16 230.375 1763.681 -3.47 219.925 1776.530 ·3.40
239.850 1752.125 ·2.72 230.275 1763.903 ·3.44 219.825 1776.639 ·3.63
239.775 1752232 ·3.00 230.175 1764.125 ·2.79 219725 1776.747 ·3.37
239.675 1752.375 -3.18 230.100 1764.261 ·3.78 219.550 1776.936 ·3.39
239.575 1752.518 ·3.28 230.000 1764.443 ·3.39 219.375 1777.125 -2.96
239.475 1752.661 ·377 229800 1764.807 -3.25 219200 1777.292 ·3.69
239.375 1752.804 ·3.58 229625 1765125 ·3.12 219.125 1777.363 ·3.47
239.150 1753.125 ·2.88 229.450 1765.337 -354 218.850 1777.625 ·3.60
238950 1753.320 ·3.03 229.350 1765.458 -3.67 218.675 1777.792 ·3.41
238.875 1753.393 -3.51 229.250 1765580 ·3.85 218.500 1777.958 ·3.15
238.775 1753.491 ·3.57 229.150 1765.701 ·3.77 218.325 1778.125 ·3.11
238.675 1753.588 ·3.59 228.950 1765.943 ·3.48 218.150 1778.394 ·3.31
238.575 1753.686 ·315 228875 1766.034 ·3.37 217.975 1778.663 ·3.55
238.375 1753.881 -3.22 228.800 1766125 -287 217.900 1778.779 ·3.75
238.125 1754.125 -3.02 228.700 1766.243 -3.19 217825 1778.894 ·3.54
238.025 1754246 ·3.45 228.525 1766.449 -3.44 217.675 1779.125 ·2.97
237.925 1754.367 -3.44 228.325 1766.684 ·3.63 217.475 1779.354 ·3.21
237.825 1754.489 ·3.71 228.150 1766.890 ·3.18 217.400 1779.439 -3.44
237.700 1754.640 ·3.17 227.950 1767.125 ·2.86 217.325 1779.525 ·3.58
237.475 1754.913 ·2.89 227.875 1767.211 -3.04 217.150 1779.725 -3.42
237.300 1755125 -2.86 227.775 1767.325 ·3.21 216.975 1779.925 -3.02
237.225 1755.240 -3.09 227.675 1767.439 ·3.36 216.800 1780.125 ·2.79
237.100 1755.433 ·3.23 227600 1767.525 ·3.89 216.600 1780.336 ·3.47
237000 1755.587 ·3.52 227.425 1767.725 ·3.66 216.400 1780.546 ·3.69
236.875 1755779 ·2.57 227.250 1767.925 ·3.45 216200 1780.757 ·3.55
236.650 1756.125 -2.47 227.075 1768.125 ·2.99 216.125 1780.836 ·3.55
236.425 1756.321 -3.26 227.000 1768.240 ·3.17 216.050 1780.914 ·3.69
236.325 1756.408 -3.48 226.900 1768.394 ·3.05 215.850 1781125 ·2.81
236175 1756.538 ·3.41 226.800 1768.548 ·3.37 215.650 1781.279 -2.86
236.075 1756.625 ·3.65 226725 1768.663 ·3.71 215.475 1781.413 ·3.50
235.950 1756.734 ·3.38 226.625 1768.817 ·3.58 215.275 1781.567 ·3.36
235.700 1756.951 ·3.14 226.425 1769.125 -2.84 215.200 1781.625 -3.86
235.500 1757.125 -2.90 226.325 1769.258 ·3.01 215.100 1781.702 ·3.40
235.300 1757.354 -2.98 226.225 1769.392 -2.96 214.925 1781.837 ·3.13
235.200 1757.468 ·3.14 226.125 1769.525 ·3.69 214.750 1781.971 ·2.98
235.075 1757.611 ·3.41 226050 1769.625 ·3.49 214.550 1782.125 ·2.89
234.950 1757.754 -3.76 225.850 1769.892 ·3.45 214.475 1782.211 ·3.19
234.850 1757868 ·3.74 225.675 1770.125 -3.08 214.400 1782.296 ·3.18
234625 1758125 ·2.76 225.600 1770.245 -3.15 214.225 1782.496 -3.49
234.450 1758.314 ·3.05 225.500 1770.405 -3.38 214.125 1782.611 -3.76
234.400 1758.368 ·3.27 225.425 1770.525 -3.99 214.050 1782.696 ·3.40
234.325 1758.449 -3.44 225.325 1770.685 ·3.58 213.875 1782.896 ·292
234.250 1758.530 ·3.49 225.125 1771.005 ·3.18 213.675 1783.125 ·2.70
234.175 1758.611 ·3.43 225050 1771.125 ·3.11 213.500 1783.262 ·2.96
234.075 1758.720 ·3.41 224.950 1771.292 ·3.28 213.300 1783.419 ·3.02
233.900 1758.909 ·2.99 224.850 1771.458 -3.80 213.150 1783.537 ·3.59
233700 1759.125 ·2.96 224.650 1771.792 -3.18 212.950 1783.694 -3.55
233.625 1759.211 ·3.28 224.450 1772.125 ·2.86 212.750 1783.850 ·3.51
233.475 1759.382 -3.31 224.275 1772.300 ·3.51 212.550 1784.007 ·2.89
233.400 1759.468 ·3.62 224.175 1772.400 ·3.41 212.475 1784.066 ·2.92
233325 1759.554 ·4.05 224.075 1772.500 -3.78 212.400 1784125 -2.87
233.225 1759.668 ·3.74 223.875 1772.700 ·3.45 212.225 1784.271 ·3.21
233.025 1759.896 ·3.37 223650 1772.925 ·3.05 212.125 1784.354 ·3.25
232.825 1760.125 ·2.60 223.450 1773.125 ·2.86 212.050 1784.417 -3.34
232.750 1760.222 ·3.25 223.225 1773.313 ·3.03 211.875 1784.563 ·3.66
232.650 1760.351 -3.56 223.125 1773.396 -3.38 211.700 1784708 -3.57
232.575 1760.448 ·3.86 223025 1773.479 ·3.48 211.525 1784854 -3.51
232.475 1760.577 ·3.69 222.850 1773.625 -3.69 211.375 1784.979 -3.12
232.275 1760.835 -3.26 222.650 1773.792 -3.35 211.200 1785.125 ·2.99
232.050 1761.125 ·2.83 222.450 1773.958 -3.22 211.025 1785.271 ·3.31
231.825 1761.471 -3.14 222.250 1774.125 ·2.87 210.850 1785.417 ·3.45
231.725 1761625 ·3.39 222.075 1774.300 ·3.30 210.700 1785.542 -3.93
231.650 1761.740 ·3.46 221.975 1774.400 -3.34 210.550 1785.667 ·3.73
231.550 1761.894 -3.81 221.875 1774.500 -3.84 210.375 1785.813 ·3.16
231.475 1762.010 ·3.54 221.675 1774.700 ·3.81 210.175 1785.979 ·3.14
231.400 1762.125 ·2.77 221.500 1774.875 -3.41 210.000 1786125 ·2.97
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COI'al core RUS-95 (Porites sp,) Stable isotope data

Corc dcpth Agc 8180 COI'C dcpth Agc 8180 COI'C dcptll Agc 8180
[em) [ycars) [roo PDB) [em) [ycal-s] [roo PDB] [em) [ycars) [roo PDB)

209.825 1786.250 -3.34 197.775 1796.920 -3.49 186.000 1809.934 -3.37
209.625 1786.393 -3.35 197.575 1797.125 -2.80 185.775 1810.125 -2.90
209.450 1786.518 -3.76 197350 1797.325 -3.12 185.625 1810.271 -3.34
209.250 1786.661 -3.73 197.225 1797.436 -3.59 185.500 1810.393 ,3.39
209.075 1786.786 -3.74 197.150 1797.503 -3.58 185.375 1810.515 -3.69
208.900 1786.911 -3.40 196.925 1797.703 -3.67 185175 1810.710 -3.62
208.700 1787.054 -3.15 196.700 1797.903 -3.43 184.950 1810.930 -3.14
208.600 1787.125 -2.94 196.450 1798.125 -275 184.750 1811.125 -3.01
208.525 1787198 -3.06 196.350 1798.254 -3.46 184.650 1811.268 -3.31
208.325 1787.393 -3.64 196.225 1798.415 -3.80 184.525 1811.446 -3.44
208.125 1787.588 -3.65 196.100 1798.577 -3.96 184.400 1811.625 -3.89
207.975 1787.735 -3.38 195.925 1798.802 -3.82 184.275 1811.804 -3.51
207.775 1787.930 -3.29 195.800 1798.964 -3.16 184.050 1812.125 -2.84
207575 1788.125 -2.98 195.675 1799.125 -2.96 183.875 1812.337 -3.32
207.400 1788281 -3.27 195.600 1799.261 -3.76 183.775 1812.458 -3.40
207.225 1788.436 -3.35 195500 1799.443 -3.70 183.675 1812.580 -3.92
207.150 1788.503 -3.65 195325 1799.761 -3.40 183.550 1812.731 -3.71
207.050 1788.592 -3.51 195.125 1800.125 -3.04 183.425 1812.883 -3.36
206.875 1788.747 -3.48 194.925 1800.307 -3.34 183.225 1813.125 -267
206650 1788.947 -3.09 194.850 1800.375 -3.58 183.000 1813.415 -3.37
206.450 1789125 -2.67 194.750 1800.466 -3.67 182.800 1813.673 -3.50
206.250 1789.285 -3.21 194.650 1800.557 -3.79 182.725 1813.770 ·3.60
206.050 1789.445 -3.67 194450 1800.739 -3.50 182.625 1813.899 -3.34
205.950 1789.525 -3.90 194225 1800.943 -3.18 182.450 1814.125 -3.04
205.875 1789.585 -3.78 194.025 1801125 -3.17 182.275 1814.366 -3.28
205.650 1789.765 -3.48 193.925 1801.236 -3.23 182.200 1814.470 -3.39
205.425 1789.945 -2.92 193.825 1801.347 -3.69 182.125 1814.573 -3.95
205.200 1790.125 -2.71 193.725 1801.458 -3.94 182.025 1814.711 -3.60
205075 1790.241 -3.39 193.525 1801.681 -3.27 181.925 1814.849 -3.52
205.000 1790.311 -309 193.325 1801903 -3.06 181.725 1815.125 -2.86
204900 1790.404 -3.66 193.125 1802.125 -2.95 181.525 1815.311 -3.01
204.800 1790.497 -3.58 192.925 1802.383 -3.55 181.425 1815.404 -3.39
204.600 1790.683 -3.54 192.750 1802.609 -3.68 181.300 1815.520 -3.40
204.350 1790.916 -3.06 192.625 1802.770 -3.65 181.200 1815.613 -3.45
204.125 1791.125 -2.51 192.550 1802.867 -3.47 181.025 1815.776 -3.35
204.000 1791.216 -3.22 192.350 1803.125 -3.04 180.850 1815.939 -3.10
203.875 1791.307 -3.14 192.150 1803.292 -3.06 180.650 1816.125 -2.99
203.750 1791398 -3.42 192.050 1803.375 -3.49 180.525 1816.281 -3.21
203.650 1791.470 -3.58 191.950 1803.458 -3.48 180.425 1816.406 -351
203.550 1791.543 -3.50 191.750 1803625 -378 180.300 1816.563 -3.71
203.475 1791.598 -3.55 191.575 1803.771 -3.76 180.050 1816.875 -318
203.300 1791.725 -3.60 191.350 1803.958 -3.33 179.850 1817.125 -2.49
203.125 1791.852 -310 191.150 1804.125 -3.22 179.725 1817.268 -2.82
202.925 1791.998 -3.00 190.925 1804.406 -3.57 179.600 1817.411 -3.28
202750 1792.125 -2.82 190.825 1804.531 -3.87 179.475 1817.554 -3.41

202.675 1792.190 -3.40 190.725 1804.656 -3.85 179350 1817.696 -3.57

202.575 1792.277 -3.20 190.525 1804.906 -3.49 179.150 1817.925 -3.43
202.400 1792.429 -3.87 190.350 1805.125 -3.30 178.975 1818.125 -2.80

202.225 1792.582 -4.01 190.150 1805.330 -3.31 178.775 1818315 -2.99

202.000 1792.777 -3.56 190.075 1805.407 -3.39 178.700 1818.387 -3.55

201.775 1792.973 -3.08 189.975 1805.510 -3.48 178.625 1818.458 -3.48
201.600 1793.125 -269 189.875 1805.612 -3.85 178.425 1818.649 -3.47
201.400 1793.330 -3.35 189.775 1805.715 -3.74 178.225 1818.839 -2.95

201200 1793.535 -3.53 189575 1805.920 -3.21 178.025 1819.030 -2.89

201.100 1793.638 -4.02 189.475 1806.022 -2.84 177.925 1819.125 -2.68
201.000 1793.740 -3.42 189.375 1806.125 -2.68 177.825 1819.263 -3.36

200.800 1793.946 -3.27 189.175 1806.392 ,3.43 177.750 1819.366 -3.78

200.625 1794.125 -2.80 189.075 1806.525 -3.67 177.625 1819.539 -3.76

200.450 1794.325 -2.94 188975 1806.658 -3.52 177.425 1819815 -3.29

200.375 1794.411 -3.48 188.800 1806.892 -3.03 177.200 1820125 -2.85

200275 1794.525 -3.26 188.625 1807.125 -2.94 177.100 1820.246 -3.33

200.200 1794.611 -4.07 188.525 1807.233 -3.21 176.975 1820.398 -3.45

200.125 1794.696 -3.61 188.450 1807.314 -3.23 176.875 1820.519 -3.61

199.925 1794925 -3.47 188.275 1807.503 -3.84 176.775 1820.640 -3.70

199.750 1795.125 -2.90 188.100 1807.693 -3.54 176.575 1820.883 -3.19

199.550 1795.292 -3.00 187.900 1807.909 -3.00 176375 1821.125 ,2.70

199.450 1795.375 -3.52 187.700 1808125 -2.91 176.275 1821.243 -2.85

199.350 1795.458 -3.47 187.475 1808.425 -3.59 176.175 1821.360 -3.42
199.150 1795.625 -3.90 187.300 1808.658 -3.71 176.050 1821.507 -3.60

198975 1795.771 -3.46 187.225 1808.758 -3.79 175.975 1821.596 -3.67
198.775 1795.938 -3.49 187.125 1808.892 -3.49 175.725 1821.890 -3.09

198.550 1796.125 -2.82 186.950 1809.125 -3.09 175525 1822.125 -2.73

198.375 1796.304 -3.39 186.675 1809.359 -3.17 175.425 1822.279 -3.14

198.175 1796.510 -3.70 186.425 1809.572 ·3.26 175.325 1822.433 -3.61

198.075 1796.612 -3.88 186.300 1809.678 -3.69 175.175 1822.663 -3.50

198.000 1796.689 -362 186.225 1809.742 -3.57 175.100 1822.779 ·3.49
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Coral core RUS-95 (Porites SIl.) Stable isotope data

Core depth Age Ö
180 Core depth Age Ö

180 Core depth Age Ö
180

[cm] [years] 1"'00 PDB] [cm] [years] 1"'00 PDB] [cm] [years] [%0 PDB]

175000 1822.933 -3.21 161.925 1836.366 -311 148.950 1850569 -3.76

174875 1823.125 -2.79 161800 1836.458 -3.18 148800 1850.792 -3.56

174.750 1823.260 -2.88 161.575 1836.625 -3.63 148.575 1851.125 -2.86

174625 1823395 -3.33 161.350 1836.792 -3.56 148.375 1851.392 -3.42

174.500 1823.530 -3.61 161.125 1836.958 -2.89 148250 1851.558 -3.93

174.375 1823.666 -3.41 160.900 1837.125 -2.60 148.150 1851.692 -3.67

174.150 1823.909 -2.95 160.700 1837.295 -3.28 147.925 1851.992 -3.30

173.950 1824.125 -2.82 160.600 1837.380 -3.49 147.825 1852.125 -2.75

173.850 1824.292 -3.39 160500 1837.465 -3.60 147.700 1852.325 -2.96

173.750 1824.458 -3.61 160.275 1837.657 -3.41 147.500 1852.645 -3.87

173.550 1824.792 -3.25 160.050 1837.848 -3.08 147.400 1852.805 -3.47

173.350 1825.125 -2.71 159.825 1838.040 -3.04 147.300 1852.965 -3.24

173225 1825.304 -3.53 159.725 1838125 -2.95 147.200 1853.125 -289

173.100 1825.482 -3.45 159.625 1838.239 -3.23 146.975 1853.316 -3.51

172.875 1825.804 -3.44 159.375 1838525 -3.74 146.825 1853.444 -3.57

172.650 1826.125 -2.63 159.200 1838.725 -3.56 146.725 1853.529 -4.00

172.425 1826.500 -3.16 158.950 1839.011 -3.05 146.575 1853.657 -3.66

172.250 1826.792 -3.56 158850 1839.125 -2.62 146.350 1853.848 -3.43
172.150 1826.958 -3.53 158.725 1839.250 -2.74 146.250 1853.934 -3.40

172.050 1827.125 -275 158.525 1839.450 -3.39 146.125 1854.040 -3.06

171.925 1827247 -2.81 158.275 1839.700 -3.72 146.025 1854.125 -2.94

171.725 1827.442 -3.31 158050 1839.925 -3.10 145.900 1854.236 -313
171.625 1827540 -3.53 157.850 1840.125 -2.76 145.775 1854.347 -3.72

171.425 1827.735 -3.79 157.650 1840.375 -3.36 145.675 1854.436 -3.60
171.225 1827930 -3.51 157.550 1840.500 -3.67 145.575 1854.525 -3.80
171.025 1828.125 -2.92 157.450 1840.625 -3.71 145.425 1854.658 -3.58
170825 1828325 -3.02 157250 1840.875 -3.44 145.275 1854.792 -3.65
170.625 1828525 -3.69 157.050 1841.125 -2.76 145.175 1854.881 -3.45
170.450 1828.700 -4.01 156.800 1841.363 -3.19 145.050 1854.992 -3.19
170.350 1828.800 -3.64 156.675 1841.482 -3.52 144.900 1855.125 -3.02
170.250 1828.900 -3.28 156550 1841.601 -3.78 144.800 1855.233 -3.10
170.025 1829.125 -2.85 156.350 1841.792 -3.30 144.700 1855.341 -3.46
169.775 1829.292 -2.97 156.100 1842.030 -2.90 144.600 1855.449 -363
169.675 1829358 -2.95 156000 1842.125 -2.77 144.400 1855.666 -3.93
169.550 1829.442 -3.28 155.900 1842.263 -3.12 144.175 1855.909 -3.77
169.350 1829.575 -3.86 155.700 1842.539 -3.62 143975 1856.125 -3.14
169.100 1829742 -3.41 155.600 1842.677 -3.57 143775 1856.336 -3.36
168900 1829.875 -3.07 155.475 1842.849 -3.65 143.675 1856.441 -3.26
168.700 1830.008 -3.01 155.275 1843.125 -2.96 143.575 1856.546 -3.57
168.525 1830.125 -2.90 155.025 1843.395 -3.05 143.450 1856.678 -4.05
168325 1830307 -3.18 154775 1843.666 -3.40 143.250 1856.888 -3.72
168.175 1830.443 -3.50 154.525 1843.936 -3.08 143.025 1857.125 -3.14
168.050 1830.557 -3.80 154.350 1844.125 -2.71 142825 1857.354 -3.46
167.825 1830.761 -3.40 154.225 1844.250 -3.28 142.750 1857.439 -3.41
167.650 1830.920 -3.55 154.100 1844.375 -3.77 142.650 1857.554 -3.64
167.425 1831.125 -2.88 154.000 1844.475 -3.72 142.550 1857.668 -3.91
167300 1831.260 -3.04 153.800 1844.675 -4.09 142.475 1857.754 -3.69
167.200 1831.368 -3.40 153.600 1844.875 -3.41 142.350 1857.896 -3.34
167.075 1831.503 -3.54 153.350 1845.125 -3.38 142.275 1857.982 -3.05
166.950 1831.639 -3.80 153.225 1845.304 -3.50 142.150 1858125 -2.79
166.725 1831.882 -3.27 153.100 1845.482 -3.77 142.075 1858.250 -3.23
166.500 1832.125 -2.79 152.850 1845.839 -3.36 141.975 1858.417 -3.34
166.300 1832.341 -2.90 152.650 1846.125 -2.91 141.875 1858.583 -3.46
166.050 1832.611 -3.44 152.450 1846.375 -3.20 141.775 1858.750 -3.59
165.975 1832.693 -3.37 152.375 1846.469 -3.88 141.650 1858.958 -3.45
165.900 1832.774 -3.55 152.275 1846.594 -3.70 141.550 1859.125 -3.10
165.625 1833.071 -3.04 152.050 1846.875 -3.62 141.350 1859.285 -3.23
165.375 1833.125 -2.85 151.950 1847.000 -3.76 141.150 1859.445 -3.48
165.125 1833.611 -3.37 151.850 1847.125 -2.73 140.950 1859.605 -3.74
165.000 1833.747 -3.43 151.675 1847.296 -3.27 140725 1859.785 -3.49
164.900 1833.855 -3.36 151.475 1847.491 -3.42 140.500 1859.965 -3.29
164.625 1834.125 -2.51 151.275 1847.686 -3.60 140.300 1860.125 -2.96
164.500 1834.229 -2.57 151.050 1847.905 -3.84 140.125 1860296 -3.51
164.400 1834.313 -3.63 150.825 1848.125 -3.17 139.925 1860.491 -3.77
164.150 1834521 -3.22 150.700 1848.304 -3.60 139.725 1860.686 -3.67
163.925 1834.708 -3.27 150.600 1848.446 -3.70 139.525 1860.881 -3.39
163.675 1834.917 -3.10 150.375 1848.768 -3.78 139.275 1861.125 -2.79
163.425 1835.125 -2.68 150.125 1849.125 -290 139.175 1861.223 -3.05
163.325 1835.210 -2.71 150.025 1849.239 -2.93 139.075 1861.320 -3.21
163.125 1835.380 -2.85 149.900 1849.382 -3.28 138.875 1861.515 -3.73
162.875 1835.593 -3.12 149.775 1849.525 -3.68 138.675 1861.710 -3.69
162.725 1835721 -3.28 149.650 1849.668 -3.49 138475 1861.905 -3.45
162.625 1835.806 -3.52 149.475 1849.868 -3.62 138.250 1862.125 -2.96
162.375 1836.019 -3.29 149.350 1850.011 -3.15 138.150 1862.225 -3.31
162.250 1836125 -2.54 149.250 1850.125 -2.97 138.050 1862325 -3.55
162.150 1836.199 -2.73 149.050 1850421 -3.76 137850 1862525 -3.75
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Coral core RUS-95 (Porites sJ}.) Stable isotope data

COI'e depth Aee ö"o COI'e d,'pth Ae" ö"o COl"e depth Aee Ö
l80

1<'111 1 lyear'Sl I%. PDIl] 1<'111 I Iyear'sl pro. PDIlI 1<'111 I Iyeal"sl 10/00 PDIlI

137650 1862725 ·336 125.050 1873125 -282 111575 1886125 -3.07

137450 1862925 -2.61 124.950 1873.214 -311 111.350 1886.292 -318

137250 1863125 -2.59 124 750 1873.392 -3.52 111250 1886366 -3.09

137000 1863260 -334 124650 1873481 ·375 111150 1886440 ·341

136775 1863.382 -366 124.550 1873.569 -376 111050 1886514 -3.38

136.500 1863530 -376 124350 1873747 -356 110.900 1886.625 -382

136250 1863666 ·349 124150 1873925 -3.08 110650 1886810 -3.87

136025 1863787 -352 123925 1874125 ·2.66 110425 1886.977 .323

135800 1863.909 -3.23 123.700 1874.305 -3.33 110.225 1887125 -2.98

135700 1863963 ·313 123.500 1874465 -373 110025 1887.232 -317

135600 1864017 -3.03 123.300 1874.625 ·345 109.925 1887.285 -3.19

135400 1864125 ·303 123100 1874.785 -349 109825 1887338 -3.39

135100 1864304 ·3.23 122900 1874.945 -3.26 109625 1887445 -3.51

134925 1864409 ·345 122675 1875.125 ·2.99 109400 1887565 -3.78

134750 1864.513 -3.76 122.500 1875.366 -3.93 109.200 1887.672 -3.81

134550 1864.632 ·3.74 122.325 1875.608 -332 108.975 1887.792 -3.78

134350 1864.752 -387 122.125 1875884 -3.25 108750 1887912 ·3.23

134150 1864.871 ·3.38 121.950 1876.125 -2.75 108550 1888018 -3.18

133.950 1864.991 -3.29 121.750 1876.265 ·3.11 108.350 1888125 -312

133825 1865.065 ·3.29 121.550 1876406 -349 108150 1888.282 -3.51

133725 1865125 -3.28 121.375 1876.529 -3.66 107.925 1888458 -383

133.525 1865.367 ·3.96 121.175 1876.669 -3.70 107.725 1888.615 -3.86

133425 1865489 -4.19 120.950 1876827 -341 107475 1888.811 ·3.77

133.300 1865.640 -3.73 120.725 1876.985 -307 107300 1888.949 -328

133.100 1865.883 ·3.70 120.625 1877.055 -3.09 107.075 1889125 -3.16

132.900 1866125 -3.02 120.525 1877.125 ·3.00 107000 1889192 -352

132700 1866.288 ·3.54 120.325 1877.360 -3.73 106900 1889281 -3.65

132.500 1866452 ·3.58 120.125 1877.596 ·3.93 106650 1889503 -3.84

132.300 1866.615 -388 119.900 1877.860 ·3.31 106400 1889.725 .360

132100 1866778 -3.72 119.675 1878.125 -2.86 106175 1889925 -345

131925 1866921 -3.52 119.500 1878.304 ·3.51 105.950 1890.125 -2.95

131675 1867125 -304 119400 1878407 -3.63 105775 1890.262 -3.30

131.575 1867207 -3.39 119.300 1878.510 -401 105.550 1890439 -3.76

131475 1867288 -3.53 119.100 1878.715 -3.72 105475 1890498 ·3.89

131300 1867431 -3.87 118.900 1878.920 ·3.22 105.350 1890.596 -3.95

131.200 1867513 -3.85 118.700 1879.125 -3.02 105100 1890.792 -3.70

131075 1867615 -3.67 118.625 1879.196 -3.37 104875 1890968 ·3.11

130.850 1867798 ·325 118.500 1879.315 ·347 104.675 1891.125 .3.04

130.650 1867962 -315 118.300 1879.506 -387 104.600 1891193 -348

130450 1868125 -2.93 118.075 1879720 -377 104500 1891284 ·3.65

130350 1868228 ·319 117850 1879.935 ·343 104.275 1891 489 -378

130250 1868330 ·3.59 117650 1880.125 ·2.91 104.150 1891602 ·3.97

130.050 1868535 -3.79 117475 1880.309 ·3.12 104025 1891.716 -3.78

129975 1868612 -3.79 117.275 1880.520 -3.62 103825 1891898 -3.71

129.875 1868715 -3.89 117.200 1880599 -3.82 103.575 1892.125 -287

129.675 1868.920 ·348 117100 1880.704 -3.67 103.350 1892.270 -289

129475 1869.125 ·2.85 116.875 1880.941 -344 103.250 1892.335 -3.20

129400 1869192 ·290 116.700 1881125 ·315 103.125 1892415 -3.36

129300 1869.281 -3.24 116475 1881 345 -3.66 102.875 1892.577 -3.78

129100 1869458 ·3.68 116400 1881418 ·3.94 102.625 1892.738 -3.84

129000 1869547 ·405 116275 1881540 -3.79 102425 1892.867 ·346

128.925 1869614 ·397 116.075 1881.735 -349 102225 1892996 ·3.05

128725 1869.792 -3.67 115.875 1881.930 ·3.01 102.025 1893125 -3.01

128.550 1869.947 ·323 115.675 1882125 -2.93 101925 1893.236 .346

128.350 1870125 -3.07 115475 1882383 -3.98 101825 1893.347 ·3.73

128.100 1870.358 -3.39 115.275 1882.641 -347 101725 1893.458 -3.70

128.025 1870427 ·381 115100 1882.867 -316 101625 1893.569 -3.63

127925 1870520 -3.99 114.900 1883125 -2.66 101375 1893.847 -3.36

127700 1870730 -3.63 114.700 1883325 -295 101125 1894.125 ·2.83

127.500 1870916 -335 114625 1883400 ·323 101.025 1894205 .288

127275 1871125 ·293 114525 1883.500 -3.11 100.900 1894.305 -312

127200 1871193 -3.08 114.325 1883.700 ·369 100.650 1894.505 ·3.69

127100 1871 284 ·3.29 114100 1883.925 ·3.32 100.550 1894.585 ·3.70

126.925 1871443 -3.55 113.900 1884125 ·284 100.450 1894.665 .3.70

126825 1871534 ·374 113.700 1884.285 ·3.13 100250 1894825 ·3.71

126725 1871 625 ·3.67 113475 1884465 ·3.20 100.075 1894.965 ·3.08

126.550 1871.784 ·354 113400 1884.525 ·341 99.875 1895.125 ·2.94

126.375 1871943 ·3.25 113.300 1884.605 -3.63 99.775 1895.225 ·303

126.175 1872.125 ·311 113.075 1884785 -330 99.675 1895.325 ·3.18

126075 1872.214 ·3.12 112.850 1884.965 ·3.23 99475 1895.525 ·3.95

125.975 1872.303 ·341 112.650 1885.125 ·2.89 99.375 1895625 -3.73

125.775 1872481 -352 112450 1885.311 ·3.37 99300 1895.700 -3.63

125.675 1872569 ·3.72 112250 1885497 ·3.80 99.100 1895.900 .3.39

125.575 1872.658 ·3.89 112125 1885.613 ·3.80 98875 1896.125 .3.00

125.375 1872.836 ·3.66 112.025 1885.706 ·371 98775 1896.205 ·3.03

125.150 1873036 ·3.12 111800 1885.916 ·352 98675 1896.285 ·3.26



108

Coral core RUS-95 (Porites sp.) Stable isotope data

Core depth Age 01'0 Core depth Age 01'0 Core deptlt Age 01'0

[ern I [years) [roo PDß) [ern] [years) [roo PDß) [ern] [years) [roo PDß)

98.450 1896.465 -3.76 85.350 1909.989 -325 74.525 1924.125 -3.07

98.350 1896.545 -4.16 85.275 1910.125 -2.94 74275 1924.403 -3.38

98.250 1896.625 -4.01 85.150 1910.304 -2.95 74175 1924.514 -384

98.000 1896.825 -3.83 85050 1910.446 -3.41 74.075 1924.625 ·3.93

97.800 1896.985 -3.23 84.925 1910.625 ·3.90 73.850 1924.875 ·3.40

97.625 1897.125 ·2.97 84.800 1910.804 ·3.61 73.625 1925125 ·3.18

97.425 1897.320 -3.23 84.675 1910.982 ·3.40 73.400 1925345 ·3.44

97.225 1897.515 -3.93 84.575 1911.125 -2.95 73.200 1925.540 -3.90

97025 1897.710 ·3.91 84.475 1911.325 ·3.24 73.125 1925.613 -3.66

96.800 1897.930 ·3.22 84.375 1911.525 -3.96 73.025 1925.710 ·3.79

96.600 1898125 -296 84.275 1911.725 -3.64 72825 1925905 ·3.50

96.500 1898.218 -3.01 84.150 1911.975 -3.14 72.600 1926125 ·2.89

96.400 1898.311 -3.37 84.075 1912.125 ·3.00 72.400 1926.315 ·3.42

96.175 1898.520 ·3.71 83.975 1912.273 ·3.43 72225 1926.482 ·3.73

96.075 1898.613 ·3.61 83.775 1912.569 ·3.90 72000 1926.696 -3.65

95.925 1898.753 ·3.77 83.675 1912.718 ·3.63 71.825 1926863 ·3.74

95.725 1898.939 ·3.21 83.575 1912.866 ·3.60 71.625 1927.054 ·2.91

95.525 1899.125 ·2.89 83.475 1913.014 ·3.17 71.550 1927.125 ·2.82
95.350 1899.344 -3.46 83.400 1913.125 -2.71 71.450 1927.208 -3.05

95.175 1899.563 -3.79 83.325 1913.268 ·3.37 71.225 1927.396 ·3.55

94.950 1899844 -3.60 83.200 1913.506 ·3.66 71.125 1927.479 ·3.67
94.725 1900.125 -288 83.075 1913.744 -3.74 71.025 1927.563 ·3.51
94525 1900.307 -3.07 82875 1914.125 -3.00 70.800 1927.750 ·3.67
94.425 1900398 -3.16 82.775 1914263 -3.01 70.625 1927.896 -3.55

94.325 1900.489 ·3.60 82.675 1914.401 ·3.15 70.425 1928.063 -3.13

94.150 1900.648 -3.87 82.600 1914.504 ·3.51 70.350 1928.125 -2.82

93925 1900.852 -3.41 82.475 1914.677 ·3.58 70.250 1928212 ·2.94
93.725 1901.034 ·3.15 82.375 1914.815 -3.58 70.025 1928.408 ·3.79
93.625 1901.125 -2.90 82.275 1914.953 ·3.13 69.925 1928.495 ·3.73
93.500 1901.250 ·3.28 82.150 1915.125 -2.89 69.825 1928.582 ·3.93
93.300 1901.450 -3.87 82.050 1915.243 ·3.13 69.600 1928.777 -3.69
93.075 1901.675 ·3.70 81.875 1915.449 ·3.39 69.400 1928.951 -3.60
92.875 1901.875 ·3.54 81.775 1915.566 -3.91 69.200 1929.125 ·2.99
92625 1902.125 -3.13 81.675 1915.684 ·4.05 68.975 1929.301 ·3.01
92.400 1902.375 ·3.61 81.475 1915.919 -3.91 68.750 1929.478 ·3.71
92.325 1902.458 ·3.93 81.400 1916.007 ·3.45 68.675 1929.537 ·3.88
92.225 1902.569 -3.74 81.300 1916.125 ·3.22 68.550 1929.635 ·3.79
91.975 1902.847 -3.34 81.050 1916.428 ·3.72 68.325 1929.811 -3.40
91.725 1903.125 ·3.22 80.950 1916.549 ·3.76 68.125 1929.968 ·3.05
91.525 1903.375 -3.61 80.850 1916.670 ·3.78 67.925 1930.125 -3.04
91.425 1903.500 -3.71 80.675 1916.883 ·3.43 67.850 1930.195 -3.22
91.325 1903.625 -3.57 80.475 1917125 -3.30 67.775 1930.265 ·3.40
91.125 1903.875 ·3.22 80.250 1917.375 -3.48 67.575 1930.451 ·3.89
90.925 1904.125 ·3.08 80.000 1917.653 ·3.99 67.350 1930.660 -3.52
90.675 1904.321 -3.27 79.775 1917.903 ·3.58 67.125 1930.869 -3.41
90.475 1904.478 -3.62 79.650 1918.042 ·3.26 66.850 1931.125 ·3.11
90.400 1904.537 -372 79.575 1918.125 ·2.87 66.625 1931.375 ·3.91
90.300 1904.615 -3.69 79.350 1918.298 ·3.29 66.400 1931.625 -382
90.050 1904.811 ·3.57 79.150 1918.452 -3.52 66.175 1931.875 ·3.21
89.850 1904.968 ·3.06 78.875 1918663 -3.79 65.950 1932.125 ·2.82
89.650 1905125 ·2.98 78.625 1918.856 -3.48 65.875 1932.202 ·2.98
89.450 1905320 ·3.56 78.375 1919.048 -3.42 65.775 1932.304 ·3.27
89.350 1905.418 ·3.74 78.275 1919.125 -3.42 65.550 1932.535 ·4.09
89.250 1905.515 ·3.91 78.175 1919307 ·3.97 65.475 1932.612 ·3.94
89.050 1905.710 ·3.76 77.950 1919.716 ·3.78 65.375 1932.715 ·3.88
88.850 1905.905 ·3.53 77.725 1920125 ·3.28 65.175 1932.920 ·3.29
88.625 1906.125 ·2.90 77.475 1920.482 -3.29 64.975 1933.125 ·2.95
88.525 1906223 ·3.28 77.300 1920.732 ·3.93 64.875 1933.236 ·3.58
88.450 1906.296 -3.52 77.225 1920.839 -3.69 64.750 1933.375 -3.68
88.225 1906.515 -3.66 77.025 1921.125 -294 64.675 1933.458 ·3.95
88.025 1906.710 ·3.58 76.950 1921.245 -3.26 64.525 1933.625 -3.76
87.775 1906.954 -3.35 76.850 1921.405 ·3.53 64.300 1933.875 ·3.41
87.600 1907.125 ·2.88 76.600 1921805 -3.65 64.075 1934.125 ·3.05
87.525 1907.202 -3.07 76.400 1922.125 ·3.28 63.825 1934.388 -3.67
87.450 1907.279 -3.26 76.175 1922.398 ·346 63.700 1934.520 ·4.02
87.250 1907.484 -3.65 76.075 1922.519 -3.57 63.575 1934.651 ·3.74
87.000 1907.740 ·3.59 75975 1922640 -3.93 63.350 1934.888 ·3.39
86.750 1907.997 ·3.11 75.750 1922.913 ·3.76 63.125 1935.125 ·3.30
86.625 1908.125 ·2.98 75.650 1923.034 ·3.42 62.900 1935.446 ·3.83
86525 1908.250 ·3.57 75.575 1923.125 ·3.20 62.800 1935.589 ·3.90
86.300 1908.531 ·3.94 75.350 1923.339 ·3.60 62.675 1935.768 -3.82
86.075 1908.813 -3.35 75.250 1923.435 -3.81 62.425 1936.125 ·3.19
85.825 1909125 ·2.83 75.150 1923530 -3.87 62.225 1936.325 ·3.42
85.700 1909.352 ·3.59 74.950 1923.720 -3.78 62.025 1936.525 ·3.85
85.600 1909.534 ·3.83 74.725 1923.935 -355 61.925 1936.625 ·4.10
85.475 1909.761 -3.68 74625 1924.030 ·3.11 61.825 1936.725 -3.72
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Coral core RUS-95 (porites sp.) Stable isotooe data

Core depth Age 0'·0 Core depth Age 0'·0 Core depth Age 0'·0

[em] [years] [0/00 PDB] [em] [yeal's] [%0 PDBj [em] [years] [0/00 PDB]

61.625 1936.925 -3.47 48.150 1949.125 -274 34.925 1961792 -3.63

61.425 1937.125 -3.05 47.950 1949.383 -362 34.725 1961.949 -3.11

61.325 1937.246 -3.41 47775 1949609 -3.52 34.500 1962.125 -2.87

61.225 1937.367 -3.58 47.575 1949.867 -3.06 34.300 1962.276 -3.20

61.125 1937.489 -3.81 47.375 1950125 -3.01 34.200 1962.351 -3.40

61.000 1937.640 -3.79 47.300 1950.195 -3.35 34.100 1962.427 -3.56

60.800 1937.883 ·3.38 47.200 1950.288 -3.09 33.875 1962597 -4.01

60.600 1938.125 -3.12 46.950 1950520 -3.89 33.800 1962.653 -3.96

60375 1938.339 -3.39 46.700 1950753 -3.76 33.725 1962.710 -4.01

60.175 1938.530 -3.94 46.500 1950.939 -3.34 33.550 1962.842 ·3.72

60.025 1938.673 -3.69 46.300 1951.125 -3.01 33.350 1962.993 -3.38

59.775 1938911 -3.38 46.125 1951344 -3.45 33.175 1963.125 -3.16

59550 1939.125 -2.89 46000 1951500 -3.61 32.975 1963.299 -3.47

59.325 1939.382 -3.67 45.925 1951.594 -3.75 32900 1963.364 -3.53

59.100 1939.639 -4.19 45.700 1951.875 -3.44 32.800 1963.451 -3.56

58.900 1939.868 -3.85 45500 1952.125 -2.85 32.600 1963625 -4.06

58.675 1940125 -3.37 45.300 1952.315 -3.36 32.425 1963.777 -3.96

58.450 1940.345 -3.40 45075 1952.530 -3.75 32.225 1963.951 -3.76

58.350 1940.442 -3.63 45000 1952601 -3.93 32.025 1964.125 -3.15

58.250 1940.540 -3.79 44.875 1952.720 -3.82 31.825 1964.276 -3.17

58.050 1940.735 -3.79 44.675 1952.911 -3.56 31.725 1964351 -3.20

57850 1940.930 ,3.31 44450 1953.125 -3.02 31.600 1964.446 -3.50

57.650 1941125 ,3.20 44250 1953320 -3.49 31.400 1964.597 -3.96

57.575 1941-213 -3.74 44.050 1953515 -3.62 31.175 1964.767 -3.67

57.450 1941.366 -3.91 43.925 1953.637 -3.88 30.925 1964.955 -3.07

57200 1941.654 -3.86 43.825 1953.735 -3.61 30.700 1965.125 -2.98

57.000 1941890 -3.10 43.625 1953930 -3.59 30.600 1965.216 -3.48

56.800 1942125 -2.99 43425 1954.125 -2.95 30.500 1965307 -3.66

56.600 1942.341 -3.43 43.250 1954.284 -3.35 30275 1965511 -392

56.400 1942,551 -3.75 43.050 1954.466 -3.63 30.175 1965.602 -3.78

56.300 1942.666 -4.04 42975 1954534 -3.88 36.615 1965.693 -3.80

56.225 1942747 -370 42.900 1954.602 -3.94 29.850 1965.898 -3.26

56.050 1942936 -3.53 42.725 1954.761 -3.57 29.600 1966.125 -315

55.875 1943.125 ·292 42.525 1954.943 -3.18 29.400 1966.360 -3.59

55.675 194:3288 -3.09 42.325 1955.125 -3.14 29.200 1966596 -3.83

55.575 1943.370 -3.25 42.225 1955233 -3.40 29.000 1966831 -3.86

55.475 1943.452 -3.37 42.100 1955368 -3.37 28.750 1967125 -3.09

55.215 1943.615 -3.64 41.875 1955.611 -3.79 28.550 1967.311 -3.11

55175 1943.686 -3.53 41775 1955.720 -3.68 28.475 1967.381 -3.32

55.100 1943758 -3.95 41650 1955.855 -3.64 28.375 1967.474 -3.43

54.815 1943.941 -3.44 41.400 1956.125 -287 28.275 1967.567 -3.99

54.650 1944.125 ·2.84 41.225 1956.292 -3.00 28.150 1967.683 -3.61

54.450 19~Ü61 -3.19 41.025 1956.482 -3.71 27,900 1967.916 -3.40

54.250 1944.396 -3.53 40.925 1956577 -4.02 27.675 1968125 -2.88

54.ö5ö 1944.532 -3.96 40825 1956.673 -4.13 27500 1968.288 -3.18

53.825 1944684 -3,63 40.575 1956.911 -3.29 27.300 1968474 -3.61

53.600 1944.837 -3.61 40.350 1957125 -2.85 27.100 1'968660 -'3.89

53.400 194'1,972 -3.03 40.150 1957.311 -3.48 27.000 1968.753 -3,ag

53.1'7'5 1945125 -3.00 39.925 1957.520 -3.90 26900 1968.845 -3.84

52,975 1945295 -3.57 39.700 1957.730 -3,88 26675 1969055 -3.31

52775 1945.465 -374 39500 1957.916 -3.38 26.600 1969.125 ,3.08

52.675 1945,661 -3.74 39.275 1958.125 -3.37 2~.476 1969.229 -3,19

52.575 1945.636 ·3.59 39.050 1958.334 -3.76 26.300 1969.375 -3.57

'52.375 1945.806 -342 38.850 1958.520 -3.84 26125 19~9.521 -3.91

52.175 1945976 -2.94 38.750 1958.613 -3.75 26000 1969.625 ,3.95

52.ÖOO 1946.125 -2.90 38.650 1958.706 -3.66 25.900 1969.708 .:3.9-1

51'800 1946.292 -3.43 3M25 1958.916 -3.54 25.700 1969875 -3.77

8\600 1946458 -3.57 38.200 1959.125 ·2.92 25475 1970.063 -3.44

51.500 1946.542 '~.94 38.000 1959303 -3.44 25.400 111711'.125 -3.12

51.400 1946.~lii -3.86 37.800 1959.481 -3.94 25.325 197019b -3.13

51.175 1946.813 -3.74 37.700 1959.569 -3.78 25.100 1970404 -3.58

51,000 1946.958 -3.46 37,575 1959.681 -3.45 24.925 1970.567 -3.88

50.800 1947.125 ·3.02 37.375 1959.858 -3.28 24.825 1970660 -3.71

50.600 1947.268 ·3,14 37150 1960.058 -3.08 24125 1970.753 -3.70

50.425 1947.393 -3.56 37.075 1960.125 -3.01 24.525 1970,939 -3.23

50.200 1~BS-4 -3.72 36.975 1960.202 ·3.09 24.325 19711~!j -3.22

50.125 '9~7.607 -3.75 36.700 1960.413 -3.38 24.225 19712§4 ·3.64

5OM13 1947.679 -3.63 36.525 1960.548 -3.66 24.125 1971.383 -3.67

49.800 1947.839 -3.58 36.325 1960.702 -3.67 23.925 1971.641 -3.90

49.600 1947.982 -3.15 36.150 1960.837 -3.80 23.850 1971.738 ,3.82

49.400 1948.125 -2.84 35.950 1960.990 -3.45 23.750 1971.867 -3.52

49.200 1948.285 -3.44 35775 1961.125 ·3.08 23.550 1972.125 -2.90

48.975 1948.465 -3.91 35.575 1961.282 ·3.11 23.475 1972.225 -3.12

48.725 1948.665 -3.49 35.475 1961.360 ·3.36 23.375 1972.358 -3.48

48.550 1948.805 -3.40 35.400 1961.419 -3.44 23.175 1972.625 -3.71

48.350 1948.965 ·2.81 35.175 1961.596 -4.10 23075 1972.758 -3.82
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Coral core RUS-95 (Porites sJ).) - Stable isotope data

Core depth Age 1),80 Core depth Age 1)'80 Core depth Age 1)180

[ern] [years] [%0 POß) [ern] [years] [%0 POß] [ern) [years) (0/00 POß)

23000 1972.858 -3.98 10.650 1985434 -3.76 1.175 1994.686 -4.11

22800 1973125 -3.02 10425 1985.598 -4.11 1075 1994.784 -3.88

22.650 1973.255 -3.13 10.325 1985670 -4.05 0.975 1994.881 -3.90

22.550 1973.342 -325 10.200 1985761 -3.76 0.875 1994.979 -3.14

22450 1973429 -347 9.925 1985961 -333 0.800 1995.052 -3.11

22.250 1973.603 -3.79 9.700 1986125 -3.20 0.725 1995125 -2.89

22.050 1973.777 -3.65 9450 1986419 -3.79 0.625 1995225 -3.00

21.850 1973.951 -3.51 9250 1986654 -3.92 0.550 1995.300 -3.15

21.650 1974.125 -305 9050 1986.890 -3.89 0450 1995400 -3.79

21475 1974.314 -3.36 8.850 1987.125 -3.20 0.225 1995.625 -4.20

21.250 1974.557 -4.27 8.625 1987301 -3.23 0.125 -3.67

21.050 1974.774 -3.63 8.525 1987380 -3.30 0000 -3.57

20.975 1974.855 -3.88 8425 1987458 -3.61

20.900 1974936 -3.77 8.200 1987635 -3.82

20.725 1975125 -2.93 8.100 1987713 -3.73

20.525 1975.315 -3.57 8.000 1987792 -3.64

20.275 1975.554 -3.82 7.775 1987968 -3.27

20.200 1975.625 -3.93 7.575 1988125 -3.21

20.100 1975720 -3.67 7.500 1988213 -344
19875 1975.935 -3.26 7400 1988.331 -3.75

19.675 1976.125 -2.95 7.150 1988.625 -4.06

19.600 1976208 -3.51 6.975 1988.831 -3.70
19.500 1976.319 -372 6.725 1989.125 -2.93
19275 1976.569 -3.78 6625 1989239 -3.27

19.175 1976681 -3.61 6.500 1989.382 -3.50
19050 1976.819 -3.74 6.300 1989611 -3.95
18.850 1977.042 -307 6.125 1989.811 -3.63
18.775 1977.125 -3.02 6050 1989.896 -3.28
18.675 1977.228 -3.26 5.950 1990.011 -3.09
18450 1977.458 -3.75 5850 1990125 -282
18350 1977.561 -3.99 5.725 1990272 -3.22
18225 1977.689 -3.85 5.625 1990390 -347
18.000 1977.920 -3.31 5.550 1990478 -3.82
17.800 1978.125 -2.96 5450 1990.596 -3.85
17.600 1978.360 -356 5.350 1990.713 -3.64
17.500 1978478 -3.84 5.225 1990.860 -3.66
17400 1978.596 -3.85 5.125 1990.978 -3.33
17.175 1978.860 -376 5000 1991.125 -3.04
16.950 1979.125 -313 4.900 1991.223 -3.30
16.750 1979.285 -3.17 4750 1991369 -343
16550 1979445 -3.73 4.650 1991466 -3.76
16.325 1979.625 -4.04 4.525 1991.588 -3.68
16.225 1979.705 -4.05 4.450 1991.662 -3.88
16.100 1979805 -4.00 4.375 1991.735 -3.71
15.925 1979945 -3.35 4.225 1991.881 -3.48
15.700 1980.125 -3.24 4.075 1992.027 -3.04
15475 1980.398 -3.75 3.975 19n125 -2.69
15400 1980489 -3.99 3.875 1992.225 -310
15.275 1980640 -3.87 3.775 1992.325 -3.36
15.075 1980.883 -3.56 3.700 1992400 -3.95
14.875 1981.125 -3.27 3.600 1992.500 -3.95
14625 1981403 -3.98 3.500 1992.600 -3.76
14475 1981.569 -4.08 3.375 1992725 -3.70
14.375 1981.681 -3.68 3.275 1992825 -3.44
14.175 1981.903 -3.27 3150 1992.950 ,3.03
13.975 1982.125 -303 3.050 1993050 -2.88
13.750 1982485 -4.05 2.975 1993.125 -2.57
13.550 1982805 -3.79 2.850 1993.227 -3.52
13350 1983.125 -2.80 2.750 1993309 -3.63
13.175 1983.268 -3.09 2.675 1993370 ,3.62
13.075 1983.349 -3.52 2.575 1993452 -3.95
12.975 1983431 -3.53 2450 1993.554 -3.98
12.750 1983.615 -3.75 2.350 1993.635 -3.77
12.625 1983.717 -3.75 2.275 1993.696 -3.82
12.525 1983.798 -3.55 2.150 1993.798 -3.63
12.325 1983962 -3.21 2.075 1993.860 -3.37
12.125 1984.125 -3.20 1.975 1993.941 -344
11.925 1984.315 -3.39 1.900 1994.003 -3.11
11.700 1984.530 -3.74 1.825 1994.064 -2.99
11.500 1984.720 -3.88 1.750 1994125 -2.98
11425 1984.792 -4.00 1.675 1994198 -3.19
11.325 1984.887 -3.89 1.575 1994.296 -3.54
11.075 1985.125 -3.20 1475 1994.393 -3.65
10.875 1985.270 -336 1400 1994466 -3.68
10.750 1985.361 -343 1300 1994.564 -388
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Coral core RUS-95 (Porites sp.) Annual coral growth rate

Year Growth rate Year Growth rate Year Growth rate Year Growth rate

[cm/year) [cm/year] [cm/year) [cm/year)

1751 1.000 1826 0.600 1901 1.000 1976 0.900

1752 0.700 1827 1025 1902 0.900 1977 0.975

1753 1.025 1828 1000 1903 0.800 1978 0.850

1754 0.825 1829 1.500 1904 1.275 1979 1.250

1755 0.650 1830 1.100 1905 1.025 1980 0.825

1756 1.150 1831 0.925 1906 1.025 1981 0.900

1757 0.875 1832 1.125 1907 0.975 1982 0.625

1758 0.925 1833 0.750 1908 0.800 1983 1.225

1759 0.875 1834 1.200 1909 0.550 1984 1.050

1760 0.775 1835 1.175 1910 0.700 1985 1.375

1761 0.650 1836 1350 1911 0.500 1986 0.850

1762 0775 1837 1.175 1912 0.675 1987 1.275

1763 0.450 1838 0.875 1913 0.525 1988 0.850

1764 0.550 1839 1.000 1914 0725 1989 0.875

1765 0.825 1840 0800 1915 0.850 1990 0.850

1766 0.850 1841 1050 1916 0.825 1991 1025
1767 0.875 1842 0725 1917 0.900 1992 1.000

1768 0.650 1843 0.925 1918 1.300 1993 1.225

1769 0.750 1844 1.000 1919 0.550 1994 1.025

1770 0.625 1845 0.700 1920 0.700
1771 0.600 1846 0.800 1921 0.625
1772 1.000 1847 1.025 1922 0.825
1773 1.200 1848 0700 1923 1.050
1774 1.000 1849 0.875 1924 0.900
1775 0.950 1850 0.675 1925 1.025
1776 0.925 1851 0750 1926 1.050
1777 1.050 1852 0625 1927 1.200
1778 0.650 1853 1.175 1928 1.150
1779 0.875 1854 1125 1929 1.275
1780 0.950 1855 0.925 1930 1.075
1781 1300 1856 0.950 1931 0.900
1782 0.875 1857 0.875 1932 0975
1783 1.275 1858 0.600 1933 0.900
1784 1.200 1859 1250 1934 0.950
1785 1200 1860 1.025 1935 0.700
1786 1.400 1861 1.025 1936 1.000
1787 1.025 1862 1.000 1937 0825
1788 1.125 1863 1850 1938 1050
1789 1250 1864 1.675 1939 0.875
1790 1.075 1865 0.825 1940 1025
1791 1.375 1866 1.225 1941 0.850
1792 1.150 1867 1.225 1942 0.925
1793 0.975 1868 0.975 1943 1.225
1794 0.875 1869 1.125 1944 1.475
1795 1.200 1870 1.075 1945 1.175
1796 0.975 1871 1.100 1946 1.200
1797 1.125 1872 1.125 1947 1.400
1798 0.775 1873 1.125 1948 1.250
1799 0.550 1874 1.250 1949 0.775
1800 1.100 1875 0.725 1950 1.075
1801 0.900 1876 1.425 1951 0.800
1802 0.775 1877 0.850 1952 1050
1803 1.200 1878 0.975 1953 1.025
1804 0.800 1879 1.050 1954 1.100
1805 0.975 1880 0.950 1955 0.925
1806 0.750 1881 1.025 1956 1.050
1807 0.925 1882 0.775 1957 1.075
1808 0.750 1883 1.000 1958 1.075
1809 1.175 1884 1250 1959 1.125
1810 1025 1885 1.075 1960 1.300
1811 0.700 1886 1.350 1961 1.275
1812 0.825 1887 1.875 1962 1.325
1813 0.775 1888 1.275 1963 1.150
1814 0.725 1889 1.125 1964 1.325
1815 1.075 1890 1.275 1965 1.100
1816 0800 1891 1.100 1966 0.850
1817 0.875 1892 1.550 1967 1.075
1818 1.050 1893 0.900 1968 1.075
1819 0.725 1894 1.250 1969 1.200

. 1820 0.825 1895 1.000 1970 1.075
1821 0.850 1896 1250 1971 0.775
1822 0.650 1897 1.025 1972 0.750
1823 0.925 1898 1.075 1973 1.150
1824 0.600 1899 0.800 1974 0.925
1825 0.700 1900 1.100 1975 1.050
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