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Abstract

Data from Late Cretaceous paleoclimate simulations and their linkage to a geological model derived from long-term high-

resolution proxy-data indicate and support strong relationships between African climate and tropical Atlantic sedimentation. Here,

we present results from an interdisciplinary study.

By varying only one parameter in the set of orbital boundary conditions of the numeric model, we focus on the climatic impact

of precessional forcing on the global and regional climate system. As a result, new insights to the internal dynamics of climate, the

different compartments and fluxes of the hydrological cycle, and finally the sedimentary response within the oceanic realm during

greenhouse conditions have been approached. The climate models suggest that insolation changes at 25–558S are the trigger for

cyclic variations of the tropical hydrological cycle of northern Africa. Between the various models, a maximum difference in

insolation at the top of the atmosphere of 14 W/m2 is needed to produce the documented changes in the hydrological cycle. First of

all, the simulations do not suggest any substantial latitudinal movement of the ITCZ over the course of one precessional cycle. The

models rather indicate cross-latitudinal variation of pressure systems and variation in the magnitude and direction of surface winds,

linking tropical Africa to the mid-southern latitudes. This cross-latitudinal atmospheric teleconnection denotes a reduced role of the

tropics as driver of Cretaceous climate system. Therefore, the linkage of proxy-based geological and numeric models rather

supports the idea that tropical Atlantic black shale formation in the Late Cretaceous was ultimately triggered by climate change in

mid-southern latitudes, with precipitation and river discharge being the transport mechanisms.

As a hypothesis that will be tested in the near future, we speculate that the mid-latitudes represent the bultimateQ region of

climate signal formation during times of extreme global warmth.
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1. Introduction

A surge of high-quality marine and continental

paleoclimate records has become available in recent

years that stimulated integrated research on climate

and ocean dynamics during periods of extreme warmth,
alaeoecology 235 (2006) 288–304
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e.g., the mid-Cretaceous (Huber, 1998; Poulsen et al.,

2001; Wilson and Norris, 2001; Voigt et al., 2004).

These new proxy records have provided a more precise

picture of how atmospheric and ocean properties have

changed in response to climate fluctuations and orbital

forcing. One of the major challenges in Cretaceous

research remains: the deficiency to properly link and

validate the geological record with computer-based

climate models. This partially occurring model-data

discrepancy limits the ability to predict the effects,

e.g., of continental topography, vegetation and hydro-

logical cycling on ocean properties and, ultimately,

marine sedimentation. While progress in proxy research

is challenged by model-data discrepancies, it is also

well positioned to evaluate the reliability and robust-

ness of computer-based models commonly used for

future climate prediction. This study provides an exam-

ple from the Late Cretaceous Coniacian–Santonian

where implications from high-resolution climate

records of Eastern Equatorial Atlantic ODP Site 959

(Wagner and Pletsch, 1999; Pletsch et al., 2001;

Wagner, 2002) are validated and further developed

using new results from global climate modelling.

The geological model is based on Late Coniacian–

Early Campanian millennial-scale marine and conti-

nental proxy records from ODP Site 959. They reveal

a pronounced and persistent cyclicity that was attrib-

uted to orbital-forced (mainly precessional) fluctua-
Fig. 1. Idealized, average precession cycle at ODP Site 959 with approximate

i.e. the change from background to black shale depositional modes (modifi

runoff. The timing of peak accumulation of parameters indicative of carbona

source regions (silicium, attributed to quartz deposition, bSi-qtzQ) and tropical
respect to peak OC accumulation are shown according to Beckmann et al.

standard deviation of each individual proxy (Beckmann et al., 2005a).
tions in continental supply from different African

source areas and deep water redox conditions during

the main period of the Oceanic Anoxic Event 3, the

OAE-3 (Hofmann et al., 2003). These repetitive fluc-

tuations in atmospheric and oceanic properties drove

drastic changes in the rate of organic carbon burial

(Beckmann et al., 2005a) and were accompanied by

extreme open ocean redox conditions, i.e., the tempo-

ral establishment of photic zone euxinia (Wagner et

al., 2004). The estimated average transient times from

oxygenated to oxygen-depleted environmental condi-

tions off Equatorial Africa were short, on the order of

a thousand years or less; the duration of peak organic

carbon supply and thus black shale formation was

remarkably constant at about 5000 years followed by

a gradual recovery period of about the same duration

(Beckmann et al., 2005a). The precise onset and offset

of peak organic carbon burial and its total duration of

about 5000 years apparently was controlled by pre-

cessional forcing. The onset of maximum organic

carbon burial rates, however, was delayed by about

1000 years relative to the runoff from tropical Africa

(Fig. 1, Beckmann et al., 2005a) supporting the con-

clusion that ocean properties in the tropical Late Cre-

taceous Atlantic reacted to rather than triggered

atmospheric circulation and hydrologic cycling. Sim-

ulation of total continental runoff from tropical Africa

between 1–198S and 15–458W has shown that a pre-
transition times (ka) for the onset and decay of peak OC accumulation,

ed from Beckmann et al., 2005a) in relation to simulated continental

te productivity (CaCO3), redox conditions (Ni, V, Zn), input from arid

source areas (aluminium, attributed to smectite deposition bAl-smQ) in
(2005a). Solid lines mark average peak values; shaded bars indicate
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cessional angle of 908 of the northern winter solstice

(equivalent to modern spring configuration in an an-

nual orbital cycle) caused the most extreme climatic

contrasts on Africa, which promoted black shale de-

position for the length of one-quarter of a precessional

cycle, i.e., about 5000 years (Beckmann et al., 2005b).

The climate record-based geological model implies

some principle relationships between African climate

and tropical Atlantic sedimentation that raise a number

of fundamental questions. Where was the climate trig-

ger located, in the tropics or at higher latitudes? If at

higher latitudes what mechanisms connected the trigger

source area to the response area? The nature of these

questions is fundamental to verify the climate record-

derived model and requests an approach that provides

and links different critical climate parameters at local,

regional and global scale. Global climate modelling is

capable of providing and integrating these data, and

thus has the capacity to improve models from geolog-

ical records.

We performed numerical simulations using the

GENESIS (Global Environmental Ecological Simula-

tion of Interactive Systems) General Circulation Model

2.0. Due to its design, GENESIS 2.0 is able to allow

investigation of the effect of precession of the equi-

noxes on the hydrological cycle by assessing global

air temperature and pressure, wind fields, precipitation

and surface and subsurface runoff, and ultimately total

river discharge. Different from previous modelling

approaches, this study specifically examines the influ-

ence of precessional changes through intermediate

setups allowing the analysis of one complete cycle

as a continuum passing all of its four end member

constellations, i.e., summer, spring, autumn and winter

(in this study referred to as orbital cases A through D).

2. Methods

2.1. The GENESIS atmospheric general circulation

model

The general features of the GENESIS Earth System

Model, designed for paleoclimate research, have been

presented in Pollard and Thompson (1995), Thompson

and Pollard (1995, 1997) and Covey and Thompson

(1989). Some specific features of GENESIS are the use

of an Atmospheric General Circulation Model (AGCM)

as its core component, which is coupled to a 50 m

mixed slab ocean model and multilayer models of

soil, snow and sea ice. Resolution of the AGCM is

3.758�3.758 and that of the Land Surface Transfer

Scheme (LSX) is 28�28.
2.2. Boundary conditions

Boundary conditions were set for the early Late

Cretaceous (93 Ma, earliest Turonian). The modelling

approach to use a 93 Ma paleogeography and the

according boundary conditions for geological proxy

data from about 85 Ma (Coniacian) is based on the

assumption that geography as well as atmospheric

boundary conditions did not change too much to justify

a new set of boundary conditions. Based on our present

knowledge on the climate system of the Late Creta-

ceous, the presented modelling framework is applicable

to both time slices. Forcing factors and paleogeography

were set as follows: the solar constant was specified to

be 98.62% (1337.0 W/m2) of the present value of

1365.0 W/m2. It is based on estimates of solar lumi-

nosity calculated from a standard model of solar evo-

lution (Gough, 1981). Heat transport in the slab ocean

model was prescribed with values similar to those of

today. Atmospheric CO2 was specified as 1881.6 ppm,

which is about 6� the pre-industrial level of 313.6 ppm

and about 5� the present value of 365 ppm. This value

is in the middle of the range of estimated values of 1.5

and 9 times present for the Late Cretaceous (DeConto et

al., 2000). Berner (1994, GEOCARB II) estimated the

CO2-values to be between 1.5 and 5 times present,

based on a long-term geochemical carbon cycle

model. Cerling (1991) calculated a Barremian to mid-

Albian (Early Cretaceous) atmospheric CO2 of 1500–

3000 ppm, or about 4.4–9 times present, from the

carbon isotopic composition of soil carbonate in paleo-

sols. Concentrations of atmospheric CH4 and N2O were

set at pre-industrial levels, 0.800 ppm and 0.288 ppm,

respectively. The vegetation type used for this model is

bType 6Q (broadleaf trees with groundcover—savanna)

after Dorman and Sellers (1989), and assumed to cover

all land areas. The soil model used for these simulations

is a globally uniform module, consisting of 51% sand,

29% silt and 20% clay, which is a simplification to

reduce run duration of the models.

The land–sea distribution was obtained from global

paleogeographic reconstructions of Balukhovsky et al.

(2004). Their map is based on two Atlases of

bLithological-Paleogeographic Maps of the WorldQ
that contain data on the lithological composition and

thicknesses of sediments and volcanics formed during

28 different intervals of the Paleozoic (Ronov et al.,

1984) and Mesozoic–Cenozoic (Ronov et al., 1989).

The data on sediment distribution and volumes are

presented in the context of the paleogeographical

environments and tectonic regimes, which governed

sediment deposition. The paleogeography, terrestrial



Fig. 2. Orbital boundary conditions for one complete precessional cycle (after Floegel et al., 2005).
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elevations and vegetation were than interpolated to

28�28 resolution.

2.3. Model simulations

Five experiments (1 control run+4 orbital runs with

changing precession) were carried out for this study

(Fig. 2). Previous simulations of the Cretaceous climate

system changed all three orbital parameters (eccentric-

ity, obliquity and precession) to explore the effect of

differences between total maximum and minimum forc-

ing (bhot summer orbit/cold summer orbit approachQ;
Crowley et al., 1993; Sloan and Morrill, 1998). To

assess and quantify the individual effect of precessional

forcing, we changed only the precession of the equi-

noxes as a parameter for each run. Eccentricity was

fixed during all orbital runs at a value of 0.05 because it

allows for maximum seasonality. Obliquity was fixed at

the present value of 23.58.
The bcontrol run (cold)Q used in this study has an

eccentricity of 0.00, which eliminates any precessional

effects. The result is a circular orbit of the earth around

the sun. Seasonal precession has therefore no climato-

logical effect (precess.=ecc.*sin -). In GENESIS,
Table 1

Orbital parameters for control (cold) run and simulations with varying prec

Precession Perihelion

Control run (cold) –/– (eccentricity=0.0) –/–

Orbital case A (orba) 0/360 Spring equinox, Mar

Orbital case B (orbb) 90 Winter solstice, Dece

Orbital case C (orbc) 180 Fall equinox, Septe

Orbital case D (orbd) 270 Summer solstice, Jun
precession is defined as the prograde angle from peri-

helion to the vernal equinox. It differs from some other

definitions by multiples of 908 (Table 1). All orbital

parameters were defined within a range of orbital

values given by Berger (1978).

2.4. Model sensitivity and validation

Global paleoclimate modes such as GENESIS 2.0 are

not specifically designed to simulate regional precipita-

tion and discharge patterns, and seasonality for small

geographic areas with large precision. We therefore

compare simulated precipitation data from GENESIS

for modern NW-Africa between 9–198N and 98W–98E
to measured and modelled data from the literature to

validate the quality of the simulated data. Modern annual

precipitation for the region of 10–208N/108W–108E is

measured to be 638 mm/year5. GENESIS 2.0 provides

modern annual precipitation values of 642 mm/day at 2

m height above surface (D. Pollard, unpublished data),

which are above the 95% confidence level of the pre-

dicted values provided by satellite measurements (http://

www.cpc.ncep.noaa.gov/products/african_desk/meteosat/)

testifying to the quality and significance of GENESIS
ession of the equinoxes (orbital runs)

Climatic effect

–Circular orbit of the earth around the sun

–No seasons

ch 21 –Spring warmer than normal (northern hem.)

–dIntermediate forcingT for winter and summer months

mber 21 –Warmer than average winter (northern hem.)

–Colder than average summer (northern hem.)

mber 21 –Fall warmer than normal (northern hem.)

–dIntermediate forcingT for winter and summer

Months

e 21 –Summer warmer than average (northern hem.)

–Winter colder than average (northern hem.)

http://www.cpc.ncep.noaa.gov/products/african_desk/meteosat/


S. Floegel, T. Wagner / Palaeogeography, Palaeoclimatology, Palaeoecology 235 (2006) 288–304292
2.0-derived modelling data. Because the chosen area of

tropical N-Africa is highly sensitive to precipitation, it is

situated on the border between the ITCZ to the south and

the very dry Saharan subtropics to the North, we ana-

lyzed the global and regional performance of GENESIS

to simulate present day seasonality in the tropics. Com-

parison of global monthly mean precipitation for January

and July reveals a striking match between the simulated

and observed (Shea, 1986) records (Fig. 3) confirming

the quality of GENESIS to simulate modern seasonal

pattern on a global scale. Precipitation values for the

tropical African study area are 0.0023/3.76 and 0.071/

4.69 mm/day for January/July for the chosen rectangle

for GENESIS and observed, respectively. Considering

the sensitive location and the large seasonal variation of

the study area, the agreement between simulated and

observed data is very good.

3. Results

3.1. Global patterns of a greenhouse hydrological cycle

Monthly modelling results of continental total river

discharge reveal a pronounced wet season from

March to June with total discharge accounting for

56% to 71% of the total annual discharge (Beckmann
Fig. 3. Comparison of global monthly mean precipitation for January and Jul

light blue curve). (For interpretation of the references to colour in this figu
et al., 2005b) and a dry season from July to February

(Fig. 1). Maximum river discharge occurred during

April and May approaching maximum values of 3.58

mm/day for orbital case A. Strongest seasonal con-

trasts occurred during orbital case A, whereas smallest

contrasts are indicated for orbital case C suggesting

most equilibrate climate conditions. In order to eval-

uate how changes in total discharge relate to preces-

sional forcing and thus orbital configuration we

analyze global patterns of key parameters defining

Earth’s climate system and the hydrological cycle for

the month of March, i.e., air temperature, air pressure

at sea level, surface winds and precipitation.

3.1.1. Air temperature at surface

Air temperature is one key climate parameter, being

directly influenced by orbitally driven changes in inso-

lation. For the month of March, the control run simula-

tion suggests a global meridional temperature gradient

of about 30–35 8C (Fig. 4A), ranging from ~30 8C in

the tropics to ~0 8C to �5 8C in both polar regions.

Between 308S–158N, air temperatures approach about

28–30 8C, with the continental interiors heating up to

35–37 8C. At intermediate latitudes from 308S to 458S
and 158N to 308N, air temperatures vary between 18

and 25 8C. They further decrease to 15 8C to �5 8C
y. Simulated (GENESIS v2.0—red curve) and observed (Shea, 1986—

re legend, the reader is referred to the web version of this article.)



Fig. 4. Distribution of air temperature at 2 m heights (8C) for the month of March for control run (A) and orbital (B–E) runs. As for the consecutive

figures, the control run defines reference conditions and the rectangle in tropical Africa represents the area considered for regional budget

calculations. Simulation results from the precession experiments are displayed as difference to the reference conditions (control run).
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at high latitudes between 45–908S and 30–908N. Low-
est values are simulated for central Antarctica and the

high northern latitudes between ~758 and 908. Excep-
tions are the extremely cold continental interiors of
Asia (down to �24 8C) and the mountainous regions

of western North America (about �10 8C at 458N).
These low temperatures over the continental interiors

are possibly due to the missing interactive vegetation
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in the setup of GENESIS. The prescribed fixed veg-

etation, savanna, does not provide high latitude for-

ests, which are needed to maintain polar warmth and

equable continental interiors (DeConto et al., 2000),

whereas the low temperatures over the Sevier High-

lands of western North America are affected by the

high altitudes (up to 3000 m) proposed for that region

(Floegel et al., 2005). Air temperatures of 25–30 8C
are simulated for the tropical African study area be-

tween 1–198S and 15–458W.

The four orbital runs (Fig. 4B–E) show a continu-

um of air temperature variation with changing orbital

precession. The largest deviations relative to the con-

trol run are observed in orbital cases A and C (Fig. 4B

and D). During orbital case A, warming of up to 4 8C
occurs over SE-Asia, central S-America and of ~3 8C
over S-Africa. The largest difference in air temperature

of all orbital runs is simulated to take place in orbital

case C where temperatures rise up to 4 8C in the

region north and south of 10–158S (Fig. 4D). Very

minor warming takes place within the drainage area of

tropical Africa itself with cooling and warming of

about 1 8C during orbital case A and C, and a fairly

consistent warming of 1.5–2.0 8C during orbital case

B. More variable and larger temperature changes are

indicated for orbital case D, particularly north and

south of 458S and 458N.

3.1.2. Sea level pressure

Different from temperature and precipitation data,

simulated air pressure is not presented as deviation

from the control run but in absolute values. Control

run conditions simulate a pronounced latitudinal gra-

dient in sea level pressure for the northern hemisphere

(Fig. 5A). Low pressure is focussed to the ocean with

values between 998 and 1005 hPa north of 508N. Sea
level pressure gradually increases to 1010–1015 hPa

further south at 35–508N to approach a band of high

pressure of 1018–1026 hPa at 20–358N. As for the

high northern latitudes, highest pressure is located

over the low-latitude ocean. Different from the mid

and high northern latitudes, air pressure at sea level

remains more homogeneous across the southern hemi-

sphere with values between 1010 and 1015 hPa. This

pattern is interrupted by a moderate high pressure

systems located over the ocean at about 308S and

few local low pressure systems at 608S with values

down to 1005 hPa.

The general pattern does not change for the orbital

runs but the magnitude of pressure differences varies

according to precessional forcing (Fig. 5B–E). In or-

bital cases A and B, substantial weakening and
strengthening around 308N and 608N is evident, as

well as an expansion of the zones of highest and lowest

pressure. As for the other parameters presented, the

results imply the largest variation for tropical N-Africa

during orbital runs A and C. It is important to note that

the zone of relative high pressure at 308S intensifies

considerably during orbital case C (Fig. 5D). Accord-

ing to the data, a large high pressure cell established

over the mid-latitude South Atlantic with 1023 hPa for

case C compared to 1016 hPa for case A. Orbital cases

C and D show a similar distribution and magnitude as

indicated for the control run. As for the northward wind

originating in southern Africa; the model does simulate

weakest pressure gradients in the S-Atlantic in orbital

case B (as shown in Fig. 5B–D). Fig. 6 displays

latitudinal differences in air pressure for the region

between 6–358S and 32–428W. The graph clearly illus-

trates that longitudinal pressure transects (mean data

between 32–428W) for all four orbital models indicate

lower pressure south of the equator whereas they are

higher at 358S. The graph also illustrates that pressure

gradients are lowest in borbaQ and highest in borbcQ.

3.1.3. Surface winds

Global surface winds were analyzed to identify

possible pathways for atmospheric water vapor trans-

port from potential sources of moisture to the drainage

area. The data from control run conditions for March

indicate strong latitudinal zonation of surface winds

(Fig. 7A). The polar and subpolar areas north and

south of about 50–558 do not show winds surpassing

2 m/s. These weak winds are encompassed to lower

latitudes by strong Westerlies that typically lie be-

tween the subtropical highs at 308. The Westerlies

are considerably stronger in the northern than in the

southern hemisphere with wind speeds up to 11 m/s in

the north compared to maximum speeds of about 5 m/

s in the south. Between the subtropical highs and the

equator, the NE-trade winds reach wind speeds of

more than 11 m/s, whereas the SE-trades are absent

over northern S-America and S-Africa. They vary

around 4–6 m/s over stretches of open water of the

proto-Indian Ocean and Pacific spanning a zone of 208
latitude and increase on the western coast of S-Amer-

ica and in the mid-latitude S-Atlantic to about 10 m/s

and 5–8 m/s, respectively. It is important to note that

these trade winds affect the equatorial African as

southerly onshore winds.

With regard to the study area, the surface winds

reveal an interesting pattern over the course of one

precessional cycle. Compared to the control run, data

for orbital case A suggest only minor variations (Fig.



Fig. 5. Sea level pressure (hPa) for the month of March for the control run (A) and the orbital runs (B–E). The control run defines reference

conditions. Figures B–E do show the results for global sea-level pressure according to variations in precessional forcing. The study area is

highlighted by a black rectangle.
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Fig. 6. Wind speed at sea level (m/s) for the control (A) and the orbital runs (B–E). All models show simulated wind speed and direction for the

month of March. The area of interest is indicated by a white rectangle.
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7B). The southerly winds originating in the central S-

Atlantic do not vary in strength or direction, but provide

an open connection between the mid-latitude S-Atlantic

with winds of up to 8 m/s blowing across the S-Atlantic

to tropical N-Africa. This wind system extends from

about 258S to 108S and transported moisture from

southern mid-latitudes to tropical Africa. Simultaneous-

ly, the northern hemisphere counterpart, the NE-trades

decrease in strength by about 20% to less than 8 m/s

supporting the expansion of southerly winds far onto

the African continent. At 158S over central S-Africa, a

zone of northerly winds with moderate wind speeds of

2–4 m/s is present. This large-scale pattern slightly

changes in orbital case B (Fig. 7C) when the wind

system over central Africa disappears and the NE-trades

further decrease in strength to 5–7 m/s. These condi-

tions maintain the atmospheric connection between the

central South Atlantic and tropical Africa open with

wind speeds of up to 8 m/s. The magnitude of the

competing wind systems change with the transition to

orbital case C (Fig. 7D) as the NE-trades gradually

increase in strength to approach up to 11 m/s. At the

same time, winds over central Africa at 158S decrease

or breakdown supporting a strong attenuation of the

southerly winds with maximum speeds of only 6 m/s

and a change in direction, now blowing with an SSE

component. Attenuation and deviation of wind direc-

tions from the mid-latitude S-Atlantic resulted in the

closure or at least considerable weakening of the cross-

latitudinal connection. Orbital case D (Fig. 7E) again

represents a transitional phase with the NE-trades be-

coming slightly attenuated and the winds over the

African interior remaining weak with hardly any direc-
tion to be assigned. The wind system of the central S-

Atlantic is building up strength to establish a new cycle

with an open connection between the mid-southern

latitudes and tropical Africa.

3.1.4. Precipitation

Closely linked to air temperature, moisture trans-

port and wind fields the global pattern reveals a dis-

tinct latitudinal distribution of precipitation (Fig. 8).

The highest precipitation has been simulated for the

equatorial region, which lies within the ITCZ. Values

reach from 5 to 18 mm/day during control run

conditions (Fig. 8A). Within the equatorial region,

strongest precipitation occurs over the oceans, fol-

lowed by large continental areas of northern S-Amer-

ica, SE-Asia and N-Africa. On the continents, values

vary between 4 and 12 mm/day. At mid-latitudes,

precipitation rapidly decreases to ~2–4 mm/day be-

fore it almost doubles to 4–8 mm/day at about 458N
and 458S. Minimum values of 1–2 mm/day and

below are modelled for the high latitudes and the

continental interiors consistent with the distribution

of global air temperature.

The simulations with varying orbital setups show

evidence for dramatic effects of orbitally induced

changes in precession on precipitation relative to

the control run (Fig. 8B–E). As for air temperature,

the most severe changes are simulated for orbital

cases A and D. Strongest fluctuations in precipitation

are indicated for the equatorial region, whereas lati-

tudes north of 108N and south of 258S experienced

only small changes compared to control run. N-Africa

receives a considerable amount of excess precipitation



Fig. 7. (A) Solar insolation between 24.18S and 54.58S. Shown are the monthly average values for solar insolation at the top of the atmosphere.

Values are in W/m2 for the grid cells between 25–558S and 1808W–1808E. (B) Precipitation (mm/day) between 1–198S and 15–458W. Data is

shown for one complete precessional cycle. (C) Total river discharge (mm/day) between 1–198S and 15–458W. Data is shown for one complete

precessional cycle.
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during orbital case A with values higher than 2–4

mm/day when compared to the control run. Opposite

to that, precipitation is lower by 3–5 mm/day during

orbital case C relative to the control run providing a

maximum difference between cases A and C on the

order of 5–9 mm/day. Globally, the largest orbitally

driven precipitation changes on the continents occur

over parts of tropical N-Africa indicating severe

changes in total river discharge to the Eastern Equa-
torial Atlantic and thus ODP Site 959. Orbital cases

B and D represent intermediate patterns for the study

area.

4. Discussion

The climate records from the eastern tropical At-

lantic at ODP Site 959 off the Ivory Coast evidence

long-term trends in African climate and systematic



Fig. 8. A–E: Precipitation (mm/day) for the control (A) and the orbital runs (B–E). All models show simulated precipitation for the month of March.

The area of interest is indicated by a white rectangle.
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fluctuations in the degree of seasonal climate

extremes as controlled by precessional forcing (Beck-

mann et al., 2005b). Most of all, they emphasize the

role of distinct orbital configurations as primary dri-

vers for the repetitive onset and termination of ma-

rine black shale sedimentation (e.g., Hofmann et al.,

2003; Wagner et al., 2004). The transformation of

orbital forcing down to marine carbon burial involves

a succession of processes and feedback mechanisms
that determine climate and the hydrologic cycle. The

process of signal formation at the ocean floor starts at

the top of the atmosphere with solar insolation. In-

solation is the key driver for evaporation, atmospheric

transport of moisture, precipitation, surface and sub-

surface runoff, and ultimately total river discharge.

As total river discharge is assumed to be the most

important control mechanism for organic carbon ac-

cumulation on Site 959, we address all subcompart-
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ments, from the top of the atmosphere to Earth’s

surface and further to the sea floor.

Model data for Cretaceous annual insolation (W/m2)

for a latitudinal band spanning 1808W–1808E and
Fig. 9. A–C: (A) - Solar insolation between 24.18S and 54.58S. Shown are

atmosphere. Values are in W/m2 for the grid cells between 25–558S and 1

458W. Data are shown for one complete precessional cycle. (C) - Total river d

one complete precessional cycle. All values for precipitation and continental

only.
24.1–54.58S on a monthly base propose high energy

yields during boreal winter/austral summer and vice

versa with average values from 300–500 W/m2 during

September to March and 130–300 W/m2 during April
the monthly average values for zonal solar insolation at the top of the

808W–1808E. (B) - Precipitation (mm/day) between 1–198S and 15–

ischarge (mm/day) between 1–198S and 15–458W. Data are shown for

freshwater discharge are data for the continental part of the study area
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to August (Fig. 9A). The described latitudinal band was

chosen because of the observed high sensitivity in this

region which results in a global high pressure zone

located between 248S and 548S. This zone has been

simulated for all four models. Variations across the five

models are largest from August through March with

maximum values in December and January, but almost

identical during summer months May to July. For Feb-

ruary and March, the months when signal formation

primarily occurred at Site 959, seasonal insolation is

highest during orbital case A (453 to 367 W/m2 from

February to March) and lowest in orbital case C (371 to

299 W/m2 from February to March) with an offset of

only 14 W/m2, from 86 W/m2 in A to 72 W/m2 in C.

The value for Cretaceous global mean annual insolation

is simulated to be ~293 W/m2 for all five models. To

put these data from the Cretaceous into a modern

context, we compare them to global data representing

the largest variability during the past 100 ka. Due to

changes in the precession of the equinoxes, mid-latitude

northern hemisphere insolation values at summer sol-

stice have varied by about 8% around the mean (~40

W/m2, Imbrie et al., 1993) over the last 100 ka. For

comparison, this value is large compared to a climatic

forcing of 4 W/m2 as simulated for a doubling of

atmospheric CO2 concentrations under modern bound-

ary conditions (Cess and Vulis, 1989). Due to a low

eccentricity of 0.0167, the present day difference in

insolation between perihelion and aphelion is ~6.4 W/

m2 (Loutre and Berger, 2000), whereas a highly ellip-

tical orbit (0.05), as used in our simulations, produces a

change in the amount of insolation received at perihe-

lion on the order of 20% to 30% greater than at aph-

elion (Milankovitch, 1941), consequently resulting in a

substantially different climate from what we experience

today. Due to the high eccentricity of 0.05, all these

bmodern worldQ data are smaller than the Cretaceous

ones illustrating that orbital forcing of climate is critical

during greenhouse conditions. Additionally, we assume

that internal feedback loops within the atmosphere,

probably involving enhanced cross-latitudinal latent

heat transfer combined with increased water vapor

content near saturation are responsible for the sensitiv-

ity of a greenhouse climate.

Different from Cretaceous insolation and offset in

time is the annual record of simulated precipitation

(Fig. 9B). Precipitation acts as a transport mechanism,

linking the top of the atmosphere with processes at the

Earth’s surface and thus may be expected to mirror or at

least correlate to solar insolation on various scales,

within the hemispheres and probably regionally.

Monthly distribution of precipitation during the Creta-
ceous is simulated to be highest in spring (March and

April) when isolation was half way on its gradual

decrease in energy supply. This observation is indepen-

dent from the orbital model despite large offsets be-

tween individual cases during maximum spring

precipitation. Different from the timing of insolation

and precipitation maxima, summer insolation is at min-

imum coincident with lowest precipitation. Present day

precipitation data from the tropical African cities of

Lome (Togo) and Ibadan (Nigeria) show an offset of

peak precipitation of 3–4 months (http://sandmc.pwv.

gov.za/safari2000/nasa/rain/cntrlist.asp) relative to Cre-

taceous simulations. This offset may be explained by

the combination of paleogeography, atmospheric CO2

and heat transport mechanisms. The mid-Cretaceous

study area was set between 18S and 198S instead of

6–88N for the present day cities of Lome and Ibadan.

Data from these two locations do not represent the

modern climate situation at full range considering that

modern precipitation inland central Africa (Sahel/

Sahara) range from 8 to 0 mm/day. Therefore, measure-

ments from two stations are not representative, neither

in amplitude nor timing of peak precipitation. Unfortu-

nately, no data for a region comparable to the Creta-

ceous study area was available. Atmosphere CO2 likely

acts as another parameter to explain the observed time

offset in maximum precipitation. CO2 content for the

Cretaceous simulations was set to 1881.6 ppm support-

ing a global greenhouse climate. Our current knowl-

edge on the general mechanisms, feedback loops and

fluxes within the system during these conditions are

still not satisfactory. Because CO2 affects the hydrolog-

ic cycle through temperature, climate is a pas de deux

between CO2 and H2O (Pierrehumbert, 2002).

Finally, the aspect of heat transport mechanism has

to be considered. A greenhouse climate is dominated

by a meridional temperature gradient DT that

describes heat transport carried by the atmosphere

and ocean. During Cretaceous greenhouse conditions,

it was probably maintained by enhanced fluxes of

latent heat (Pierrehumbert, 2002). Allen and Ingram

(2002) further emphasize that tropospheric specific

humidity’s rise parallel with surface warming and

more-or-less unchanged relative humidity. The distri-

bution of moisture in the troposphere, being the part

of the atmosphere that is strongly coupled to the

surface, is complex but that there is one strong control

which is: moisture condenses out of supersaturated air.

Furthermore, the distribution of relative humidity is

thought to remain constant under climate change,

whereas the Clausius–Clapeyron relation implies that

specific humidity does increase roughly exponentially

http://sandmc.pwv.gov.za/safari2000/nasa/rain/cntrlist.asp
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with temperature. But numeric simulations of climate

warming have shown that relative humidity seems to

change little, at least at low latitudes (Ingram, 2002),

whereas rising specific humidity levels at the surface

have been observed over parts of the northern hemi-

sphere (New et al., 2000).

And fourthly, another plausible mechanism to shift

peak precipitation lies within the setup of the various

models. Compared to a present day eccentricity of

0.0167 (close to circular), the chosen value for the

Late Cretaceous simulations is 0.05 (close to highest

eccentricity of 0.075). This was kept constant through-

out the suite of models. As a result of a highly

eccentric orbit, the seasons are more pronounced

which in turn amplifies their climatic signal when

compared to, e.g., the present day. By increasing

seasonality, above all, we enhance the forcing during

orbital case A (spring equinox at perihelion), followed

by the two intermediate cases B and D where the

equinoxes coincide neither with aphelion or perihe-

lion. The lowest spring forcing occurs when the spring

equinox coincides with aphelion.

To explain the shift in peak precipitation from

March and April during our simulations and from

May to July during the present day, one or more of

the proposed ideas apply most presumably the set

value for eccentricity.

The simulated precipitation data suggest an overall

sinusoidal shape over the course of one cycle, with the

highest precipitation being simulated for orbital case A

with 3.28 mm/day mean annual and the lowest value of

2.70 mm/day mean annual for orbital case C. Compared

to the present day, simulated results from a GENESIS

simulation with modern day boundary conditions calcu-

lated 1.76 mm/day for the same region as the study area.

The largest variation occurs during spring configuration

(March and April) when precipitation is enhanced by

31% in orbital case A and reduced by 30% in orbital

case C relative to control conditions (bcoldQ model).

The next parameter following along the hydrologi-

cal cycle is freshwater runoff, which is determined by

precipitation and (evapo-) transpiration. Factors con-

trolling runoff and considered in GENESIS 2.0 include

the rate of precipitation, saturation state of the soil,

geology of the substrate, slope and vegetation, and

likely not relevant for the Cretaceous the rate of melt-

ing of accumulated snow. In climate models, runoff

occurs when the precipitation rate (or the snowmelt

rate) exceeds the infiltration rate into the soil. Vegeta-

tion serves to deplete soil moisture between rainfall

events and acts as one agent that separates surface

from subsurface runoff. For the purpose of this study,
we do not distinguish between the two associated

processes but consider total freshwater discharge only.

As documented by Beckmann et al. (2005b), total

discharge reveals a pronounced wet season from

March to June with total discharge and a dry season

from July to February (Fig. 9C). The maximum in

total runoff is delayed relative to that in precipitation

by 1 or 2 months. A river routing scheme is not

available yet for GENESIS; however, it is not critical

for this study to specifically know where the local

runoff in the chosen rectangle emerged on the mid-

Cretaceous African coast. The application of a river

routing treatment would delay the seasonal peak of

discharge by several weeks, at least while the fresh

water is traveling to the coast. For the modern Amazon

basin, for example, the delay is up to several months

with highest precipitation in January followed by max-

imum fresh water discharge in May (Vörösmarty et al.,

1996; Coe, 2000). Since the Mid-Cretaceous river

system in tropical N-Africa probably was much shorter

than the present day Amazon one, it appears reason-

able to expect a delay time on the order of a few

weeks. The modeling data presented support this time

relationship and thus are consistent with theoretical

considerations and modern observations.

4.1. Linking compartments of the hydrological cycle

during the Late Cretaceous greenhouse—from local

geological record-based models to global observations

The results from global modeling and simulated

seasonal variability of main climate parameters explain

the intrinsic linkage between precessional forcing with

the various compartments of the hydrological cycle

during greenhouse conditions. They also support a

substantial interaction between the hydrological cycle

and atmospheric circulation on regional and hemispher-

ic scales during times of global warmth, as has been

inferred from climate records of ODP Site 959 in the

eastern tropical Atlantic (Beckmann et al., 2005a). De-

spite this general agreement with tropical geological

records there is one contradiction, i.e., the possibility

that the tropics act as a driver of global climate, at least

during Cretaceous greenhouse conditions. The climate

simulations presented challenge or at least qualify that

fundamental conclusion. Instead, they provide evidence

that the regional and cross-latitudinal evolution of air

pressure and wind fields directly linked tropical Africa

with the mid-southern latitudes. The establishment of a

cross-latitudinal connection between mid-southern lati-

tudes and tropical Africa, however, was not permanent

throughout the precessional cycle but confined to the
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specific orbital configurations simulated in orbital cases

A and B. These represent orbital boundary conditions,

which put the northern spring equinox and northern

winter solstice at perihelion equivalent to the modern

spring and summer seasons. Taking into account that

the highest discharge from tropical Africa and slightly

delayed, enhanced organic carbon burial in the tropical

Atlantic only occurred during orbital case A (Beck-

mann et al., 2005b), we propose that Coniacian–Santo-

nian tropical marine black shale formation was

ultimately triggered by climate change in mid-southern

latitudes. The mechanism connecting the trigger source

area to the response area is suggested to be the temporal

establishment of an atmospheric connection that

imported humidity from the south to the response

area in the north. What remains difficult to identify is

the source area for excess humidity that is finally

precipitated in tropical Africa, especially during the

even more balanced climatic state of the spring (orbital

case A) equinox. The cross-latitudinal atmospheric con-

nection suggests a southern mid-latitude source. Pre-

cessionally driven changes in insolation between 258S
and 558S, however, do not vary by more than 11%

during March and April when compared to control run

conditions. These minor changes are not sufficient to

explain spring tropical African precipitation. First-order

approximations off maximum humidity generated in the

south and excess precipitation in tropical Africa reveal

a misbalance of ~2 mm/day when compared to the

reference model (control run). This misbalance may

be expected to some extend and have a number of

reasons. Most of all, the source for excess moisture

was not in the atmospheric layer a few meters above

the Earth’s surface, as simulated in this study but within

the boundary layer (Ross et al., 2001) at higher atmo-

spheric levels and/or lower-tropospheric to mid-tropo-

spheric levels (Zhai and Eskridge, 1997). As an

alternative or supplement, we speculate that excess

humidity in the tropics may have not been delivered

from one specific region but was rather provided as

water vapour of the greenhouse atmosphere from the

northern and southern hemisphere mid-latitudes—a the-

ory that needs to be further tested in the future. Finally,

we cannot rule out that internal feedbacks loops related

to non-linear translations of the insolation signal to the

climate system have amplified or attenuated the atmo-

spheric signal on its way to the tropical response area.

5. Conclusion

Modifying the analytical setup of GENESIS 2.0 to

simulate and quantify the individual effect of preces-
sional forcing by changing only the precession of the

equinoxes, whereas eccentricity and obliquity are fixed

to allow for maximum seasonality. On short orbital

timescales, this study provides new insights to the in-

ternal dynamics of climate, the different compartments

of the hydrological cycle and finally the sedimentary

response within the oceanic realm during Cretaceous

greenhouse conditions. Modelling the early Late Creta-

ceous (93 Ma, earliest Turonian) climate does not sup-

port a substantial latitudinal movement of the ITCZ

along the precessional cycle as has been postulated by

the climate record-based geological model from ODP

Site 959 (Hofmann et al., 2003). Instead, the modeling

results propose that the cross-latitudinal evolution of air

pressure and wind fields linked tropical Africa to the

mid-southern latitudes, at least during modern spring

and summer orbital configurations. This cross-latitudi-

nal atmospheric connection has not been recognized

before and raises the idea that the role of the tropics

as an important driver of Cretaceous climate is reduced

compared to the modern day. Following the new results,

we conclude that tropical Atlantic black shale formation

in the Late Cretaceous was ultimately triggered by

climate change in mid-southern latitudes although indi-

rectly transmitted through precipitation and runoff from

tropical N-Africa. The mechanism connecting the trig-

ger source area to the response area was the temporal

establishment of an atmospheric connection that

imported humidity from the south to the response area

in the north. Confining the mid-latitude S-Atlantic re-

gion as a prime source area for moisture for tropical N-

Africa remains difficult, likely because excess moisture

was generated and transported at higher atmospheric

and/or tropospheric levels than analyzed for this study.

We also invoke that excess humidity was provided as

water vapour from the northern and southern hemi-

sphere mid-latitude atmosphere. Despite uncertainties

about the source area of moisture, the simulation of

seasonal insolation supports the conclusion that forcing

of climate during Cretaceous greenhouse conditions

requested about similar or higher variations of solar

energy as calculated for the present day and the past

100 ka. Obviously, a greenhouse climate scenario is not

more sensitive as the present day climate system. As a

working hypothesis that can be tested in the near future,

we speculate that the mid-latitudes represent the

bultimateQ region of climate signal formation during

times of extreme global warmth. If the working hypoth-

esis is supported by other investigations, we suspect that

the progressive warming of the atmosphere in the future

may result in a gradual migration of the prime climate

trigger area towards mid latitudes.
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