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Science
189, 460-463 (1975)

WALLACE S. BROECKER

Lamont-Doherty Geological Observatory
and Department of Geological Sciences,
Columbia University,

Palisades, New York 10964

Climatic Change: Are We on the Brink of a

Pronounced Global Warming?

Abstract. If man-made dust is unimportant as a major cause of climatic change, then a
strong case can be made that the present cooling trend will, within a decade or so, give
way to a pronounced warming induced by carbon dioxide. By analogy with similar events
in the past, the natural climatic cooling which, since 1940, has more than compensated
for the carbon dioxide effect, will soon bottom out. Once this happens, the exponential
rise in the atmospheric carbon dioxide content will tend to become a significant factor
and by early in the next century will have driven the mean planetary temperature beyond
the limits experienced during the last 1000 years.

The fact that the mean global temper-
ature has been falling over the past several
decades has led observers to discount the
warming effect of the CO, produced by the
burning of chemical fuels. In this report I
present an argument to show that this
complacency may not be warranted. It is
possible that we are on the brink of a sev-
eral-decades-long period of rapid warming.
Briefly, the argument runs as follows. The

180 record in the Greenland ice core (/)
strongly suggests that the present cooling
is one of a long series of similar natural cli-
matic fluctuations, This cooling has, over
the last three decades, more than com-
pensated for the warming effect produced
by the CO, released into the atmosphere as
a by-product of chemical fuel combustion.
By analogy with similar events in the past,
the present natural cooling will, however,

SCIENCE, VOL. 189

Fig. 1. Curves for the global
temperature change due to
chemical fuel CO,, natural
climatic cycles, and the sum
of the two effects. The mea-
sured temperature anomaly
for successive 5-year means
from meteorological records
over the last century is given
for comparison.
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385 ppm CO2 = 0.0385 % of total atmosphere

Anthropogenic portion (IPCC) 5 % = 0.002 % of total atmosphere




Hans Joachin Schellnbuber "Selbstverbrennung" mein "Lebenswerk™
SELBST und "Vermachtnis'" an die Menschheit
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,Der grolle Gott von Sefar” (Tassili n‘Ajjer, Algerien)
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Xavier und die Wetterextreme:
Kippt unser Klima?

Deutschlands prominentester Klimaforscher

stellt fest: "Das Jahr 2017 zeigt uns auf
bitterste Weise, warum die Wissenschaft seit

Jahrzehnten vor dem Klima-Chaos warnt. Die
Elemente Feuer, Wasser und Luft wenden sich
nun gegen uns, weil wir den Planeten aus dem

Hans Joachim Schellnhuber
Deutschlands prominentester Klimaforscher (,,Die Zeit”)

Gleichgewicht bringen.” Wenn der
Klimawandel nicht gebremst wirde, so der
Direktor des Instituts fir Klimafolgenforschung, gabe es irgendwann Bedingungen,
die sogar Hurrikans in Europa moglich machen konnten. Aulerdem stehe zu

befurchten, "dass in den nachsten Jahrzehnten die Sahara nach Europa vordringt”,
prophezeit Prof. Hans Joachim Schellnhuber, der die Bundesregierung und den

Papst in Klimafragen berat.

sadatd 11.10.2017



20.11.2018

Klimafluch und Klimaflucht
Massenmigration - Die wahre Umweltkatastrophe

Der Tschadsee in der Sahelzone ist seit den 60er Jahren wegen der zunehmenden Hitze bereits um 90
Prozent geschrumpft. Im Laufe dieses Jahrhunderts wird er vermutlich ganz verschwunden sein. Die ca. 40
Millionen Menschen, die noch immer von ihm leben, werden gezwungen sein, weiter in Richtung Siden zu

migrieren, dorthin, wo es noch mehr Regen qibt. Eine Katastrophe mit Ansage.
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Mehr zum Thema
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Affront gegen Trump: US-Behorden warnen vor schweren
Schéden durch Erderhitzung

Naturkatastrophen - US-Regierung stellt diistere Klima-
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. US-Behdrden verdffentlichen Klima-Report = Trump will ihn Klimawandel: Amerikanische Behdrden warnen vor
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= US-Behorden veroffentlichen Klima-Report — Trump will ihn verstecken
) Gesamte Berichterstattung
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US-Behorden warnen vor Schaden durch ~
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Klimawandel: US-Experten warnen vor verheerenden
Folgen - und Trump twittert
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USA durch Klimawandel

eUronews. BY Schwetzar Radio und Femsehen (SRF)
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John Schellnhuber
BLOG: KLIMALOUNGE Wolfgang Lucht

Stefan Rahmstorf

Wie erkennt man echte Klimaexperten?

6. September 2018 | Von Stefan Rahmstorf | 76 Kommentare Gerald Haug
Mojib Latif
Jochem Marotzke €] Prrvisinig

Joachim Curtius M

Katja Frieler
Gerrit Lohmann @ AN/
Martin Claussen 1 ereiniinng

Anders Levermann

Daniela Jacob
Martin Visbeck .

0 500 1000 1500

Abb. 1 Die Haufigkeit, mit der die Studien einiger prominenter deutscher Klimaforscher laut Datenbank
Web of Science im Jahr 2017 zitiert wurden. Insgesamt sind 2017 zum Suchbegriff , climate change”
20.000 Studien erschienen.




Haglet ® cymnga"aﬁeab L |
s V4 Centre Nationa
ed Dabba - { { d*Appui a la Recherche *

® Hagfet ot Tera . ,"" £ (k : C N R
———— _\© B ( au n an \ | 1 L
N\ rh e i % — ™ s

VFG

by o { ] : i“ = % s Comité technique de la mise Deutsche
H - - ey S g0k H:;, = L en ceuvre de la Convention de ;
Ma]OI' sites Of Ry Bl i S iversi 'UNESCO sur le Patrimoine e

* Hingima Mondial au Tchad

palaeoclimatic and H Lo

) L e ®
geoarchaeﬁ“iﬁﬂglcal ¢ o et

*
Abu Gerara

/
Abu Mingar s
Ami . .,
° ® Q, iresns
oE| Kharafish Nagada/El Abadiy 9] % gt it
. Regenfeld s s Dakhla o .% e Kharga Armant Tarf Dendera

‘ = Adaima el
o o Area Abu Tartur ® i i

Hierakonpalis &

Eastern Sahara |y S T

‘ ‘ Wadi Kuhhamya
. Westpans @ e Mudpans Nag el Hzmdu\ab.

Elephaniine®_

’ ‘ r ’ ® Dyke Area
1 9 o 21.1 [ ) ﬁdmamm Dungule @lKalabsha
di Sura

E. Bardagué o M Eghet Makm Kisclhg, 5‘. eEiGhorab Gerf Hussein
VW ol Akhdar g, sand) E|Beid

Bir Tarlaw;J Ramkah El Konsm

University of Cologne (1980 - 1992)

SRP 69 Arid zones
Universities of Berlin (1980 - 1995)

Ba \hna

arkur Idris il Bir Misaha®
Karkurlbrah ki Ta = = 2 I S =

.Gabmng. [o)
o9 °

. . Westend t’ vg B Tu. "
o Wadi Sha3 o Wadi Sahal @

i
o Sesebiey’ Deloe

. ‘) ’ ’ ’ Kerm*’ ElBaga Wograt
ianga Kadruk .
o T, %0 0 eve® -o\Te i CRC 389 ACACIA
o A e
° o o L E'ga'ed" Y L L L p JDangail

°® oo 0, o o g : University of Cologne (1995 - 2008)

Fura el Darbeinly

”ﬂou Rah\hl. Comg*'" ’ 'GQAbuAhme.
z Te
® o

Tourmai . De .gwus’. Plppainag B
e S i egrawija
;e‘ P .‘.Gaungmh Y [ ] @9 ® ® ° ° o Emﬁhgo:flz:;az:;m

® Koro Toro (o] G .', sGaI‘:\e?a
o _-U,B:. ° o e o | g CRC 806 Our Way to Europe
*® L e Universities of Cologne,

. . o ® e
S. Krpelin ° e Bonn and Aachen (2009 - 2021)

www.sfb806.de/kroepelin

“e®

El Damerfs

® J. Moya




Arikel = Diskussion

WixpeniA | Weltbevolkerung

Die freie Enzy l-.:.'[].r..‘_u:

Bevblkerungsentwicklung

Weltbevolkerung nach
— - Kontinenten (in Mio.)["4]

2016 2030 2050
Asien 4437 | 4946 | 5327
Afrika 1203 | 1681 | 2527
Amerika | 997 | 1117 | 1220
Europa 740 | 744 | 728

Ozeanien 40 51 66

Welt 7418




Abb.32 Bevolkerungsentwicklung in Nord-Darfur seit 1903

R oo 1050000
800} .

_._-504000

T s ST S O —

600} B
728000

400 1

300 =
.. 310000

200 —~

... 130000

1 1 1

100 1 L 1 1 ] 1 1 1
1903 1910 1920 1930 1940 1950 1960

1 |
1970 1977

(Ibrahim 1980)

During the past 60 years,
the population of Darfur has
increased from 1.3 million




Terrestrial paleoclimatology of the habitable continents
VS.
Paleoclimatic proxies from ice and ocean cores

Greenland Ilce Cores: Accumulation
and Isotopically Inferred Temperature

PLEISTOCENE HOLOCENE

stable climate
2ptional? .

Paleoclimate, Global Change and the Future
o T ———

Alverson, Bradley a

a0 the
DG, LU S
m@ E Chaotic lives of voles
PAST (ROEA] CHAMGES

Chapler 1: F. Oldfield, K. Alverson, ig. 1.1, p. 2
15 July 1993
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Abrupt onset and termination of the African Humid Period:
rapid climate responses to gradual insolation forcing

Peter deMenocal™*, Joseph Ortiz*, Tom Guilderson®, Jess Adkins®, Michael Sarnthein®,
Linda Baker®, Martha Yarusinsky*
*Lamonit-Dokerty Earth Observatory of Columbia University, Palisades, NY F0964, US4

YCenter for Accelerator Mass Specirometry, Lawrence-Livermore National Laboratory, Li O 04550, US4
Institute Fuer Geowissens Chafter, Universitaet Kiel, Kiel, Germany

Lt

14.8 and 5.5 cal. ka BP (*) associated with the African Humid Period.

14.8 and 5.5 cal. ka BP associated with the African Humid Period. when the Sahara was nearly completely vegetated and supported
numerous perennial lakes: an arid interval corresponding to the Younger Dryas Chronozone punctuates this humid period. The
African Humid Period has been attributed to a strengthening of the African monsoon due to gradual orbital increases in summer
season insolation. However, the onset and termination of this humid period were very abrupt. occurring within decades to centuries.
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The onset and termination of this humid period were very abrupt, occurring within decades to centuries.

Ltd. All rights reserved.
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Hamada south of Lagiya, N Sudan 1983



Tieroko, Tibesti, NW Chad 2016 = | S s




‘,ﬁi-f - Lower Wadi Howar, N Sudan 1985
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Great Sand Sea, SW Egypt (1996)
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Mud deposits

Blocking
dune




Wadi Bakht, Gilf Kebir
SW Egypt, Tropic of Cancer

. S e S
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Kropelin,
Palaeoecol. Africa 18 (1987),
Africa Praehistor. 2 (1989),
Catena Suppl. 26 (1993),
Africa Praehistor. 18 (2005), etc;
Linstadter & Kropelin,

(uncal' b.p.) Geoarchaeology 19 (2004)
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Sequence of rock art styles
in the central Libyan Desert

Gilf Kebir Jebel Uweinat

Cattle pastoralists |
ﬁ k

+

Wadi Wahesh Miniature
’ style -"tiﬂe
e
Wadi Sora ‘Uweinat
style roundhead’
style

‘Uweinat

Elongated

roundhead’
style

Evidence by superimpositions

Indications by relative weathering patterns

Palaeoclimatic sequence of playa
section Wadi Bakht 82/13 (Gilf Kebir)

Depth
(cm)

"“C dates (on charcoal)

3530 +/-140
3590 +-70
<— 3500 +/- 480
(most recant hearths on
playa surface)

Winter rains
over the
Gilf Kebir

42204100 —

«— 5010 +/- 1065
= 4965 +/- 440

Dominating
monsoonal
summer

< 5770 +/- 656

«— 6030 +- 110
<= 6260 +/- 130

~— 6885 +/- 135

<~ 7335 +/- 600

Il Playa mud deposits
Sandy layers
[7] Late Pleistocene dune

— 3500

— 4000

I~ 4500

— 5000

— 5500

— 6500

— 7000

= 7500

— 8000

— 8500

Central Libyan Desert archaeology and occupation sequence

Central Libyan Desert
occupation history

5.3 ka depopulation
start in Saharan
core areas

Frequency histogram of 520
radiocarbon dates from
archaeclogical sites in the
Egyptian Sahara (22-30°N)
west of the Nile.

Group calibration by Cologne
Radiocarbon Calibration &

Palasoclimate Research
Package (www.calpal de)

Gilf
Kebir
phase

B2

"“C-dated archaeological
contexts and directly

dated potsherds Pottery

Prevailing plant fabrics

—
———
Prevailing plant fabrics

E Q@

o=
Mineral
fabrics

i

Decoration pattern
on pottery:

@ % Herring bone motif

68% radiocarbon date range ‘
from a sratified or cohesive - Dotted wavy line

ceramic-bearing context:
@ Incised wavy line

“C dating:

Direct AMS date on plant
matter in a B2 potsherd

Context
pron «+«— Mean
range +— values Packed dotted zigzag

Sequence of related pottery and lithic types

Lithics

Microlithic elements:

v
v

)

Triangles, trapezes,
and segments

Microlithic elements:

Elongated triangles

Elongated
backed poinis

I~ 7500

- 8500

Riemer, Kropelin
& Zboray (2017)
Antiquity 355
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West Nubian Paleolake LBYA | EGYPT
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Neolithic site at former shore of West Nubian Paleolake (1995)




Environmental change and archaeology:
Lake evolution and human occupation g D e

-?9{?9
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ﬁ'ﬂ;ﬂ West Nubian Palaeolake basin  potiory
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15300-4500
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‘Wadi Howar: Paleoclimatic Evidence from an Extinct
River System in the Southeastern Sahara

H.-]. PAcHUR AND S. KROPELIN

Field research into the climatic history and shifting of the East Saharan desert has
furnished evidence that during Quaternary time the present extremely arid western
part of Upper Nubia (northern Sudan) was temporarily linked to the Nile by way of a
hitherto unknawn 400 kilometer long tributary. From about 9500 to 4500 years ago,
lower Wadi Howar flowed through an
ground water outlets and freshwater lakes. Savanna fauna and eattle-herders occupied
this region, which today reccives at most 25 millimeters of rainfall per year. At that
period the southern edge of the eastern Sahara was some 500 kilometers further north
than today and ground water resources were recharged for the last time,

URING THE PAST 10 YEARS PALEO-
D climatic rescarch undertaken in the

castern Sahara has revealed the cx-
istence of two major late Pleistocene to mid-
Holocene drainage networks that onee in-
terrupted the state of incernal drainage of
this vast region. One network is a 800 km
long watercourse in castern Libya (7). This
drainage system, however, might have been
influenced by increased rainfall in the Tibest
Mountains, which cover an arca of some
100,000 km? ar an average ¢levation of
2000 m above sea level. For this reason,
further fieldwork was conducted in the ex-
panses berween the Great Sand Sea of Egypt
and the Sahel zone in northern Sudan,
which have an ¢levation of only 500 to 600
m and arc locaced far away from any high

mountains (Fig. 1b). The investigations
yiclded evidence on another major relice
drainage system in the southeastorn Sahara:

lower Wadi Howar.

‘Wadi Howar issues from the mountain-
ous region berween Gebel Marra and En-
nedi and traverses the southern fringe of the
Sahara for a length of 640 km, All topo-
graphic maps of the area show the end of the
wadi bed ar 17°30'N and 27°25°E south of
Gebel Rahib. Here the wadi is already de-
funct and its course is marked only by linear
free vegetation, sustained by a ground water
table some 6 ta 10 m below the surface (2},
Speculations on a possible eastward connec-
tion to the Nile during the Terriary (3) and
interpretations of satcllite imagery (4) were
verified by ground checks. Evidence was

1 Fercrust; Hippopotans 5 Plaistocane lerraces 4 Adifact cavered dunes
2 Early Hologens lake,§ kim? 6 7 Makourian fortross * Reoer i o
3 Blocking dunes 7 Sintor incrustations e Prominent ndges

7 Proto-Nile loop

44 Numerous paleclakes 8

E 3 Ea

Fig. 1. (8) Generalized topographic map of the lowee Wadi Howar showing
reconstructed palcodrainages and sclected features. (source of data, LAND-
SAT imagery and fickd investigations). () Cudine map of the castcm Sahara
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The Lower Wadi Howar (17-18° N):

once the Nile's largest tributary f;

found that the lower Wadi Howar drained
this 400 km wide arca (present rainfall, 25
mm/year) and entered the Nile berween the
third and fourth eataracts, opposite Old
Dongola (5). Thus, Wadi Howar constimt-
ed the largest tributary to the Nile from the
Sahara between the Mediterrancan Sea and
the Atbara River, with a length of more than
2700 kem.

At Rahib the former riverbed is blocked
by a 15-m high and 5-km wide dune barrier
(Fig. 1a, locality 3). Tr overlies a sequence of
sandy pebbly alluvium, fossiliferous lake
marl, cross-bedded dunc sand, and calerete,
The lacustrine deposits ar the base gave a
radiocarbon date of 9430 = 85 years ago
(Hy 12380), indicating high variability in
climate and geomorphology during the carly
and middle Holocene in this region.

Further to the cast the lower Wadi Howar
crosses a peneplain with numerous granite
outcrops capped by lacustrine caleretes at
the old wadi banks. This scction, stretching
about 185 km, consists of a serics of inter-
connected shallow depressions, which dis-
play fossil lake beds up to 10 km in diameter
and dated ar 5640 = 70 and 7260 + 70
vears ago (Hv 14434 and Hy 14438) (Fig,
13, localities marked 4). These deposits indi-
cate pools remaining on the floodplain of
the wadi after scasonal flooding and thus

cnabling an occasional everflow of one sheer
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indicating gcpcd area and other localities mentioned in text. ST, Serir
Tibesti; SL, rir Calanscio; S bf:llma L, Lagiya Arbain; WEF, Wadi
Feshicsh; N, Nukheila; and A, El
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semilacustrine sediments provided a radio-
carbon age of 3825 =115 years (Hv

14433), Lacustrine deposits, however, dar.
ed at 6580 = 100 years ago (Hv 14429),
mostly occur as erosional remains on the

Table 1. Vertebrate and invertebrate taxa ;derm
fied from sites and sections of Holosene age in the.
lower Wadi Howar between Gebsl

Nile River, Northem Sud:

4 Rahib and

gentle slopes Auvial
activity.

Over the last 70 km Wadi Howar ap-
proaches the Nile Valley at an apparent low
gradient and with no indication of any
‘major incision. Above the level of the Late
Quaternary deposits, however, 2
Proto-Nile riverbed (9) has been identified
50 km west of the present-day civer (Fig. la,
locality 8). Tts glaring white mande of
quartzose gravels stands out both in the field
and on satellivc imagery. This probably carly
Pleistocene Nile loop was as much as 10 km
wide and 60 km long. Iss chronalogical
position constitutes a maximum age for the
major fluvial crosion cutting the banks of
the 12 km wide floodplain before the junc-
tion with the Nile.

The concept of Wadi Howar as an indica-
tor of a significant shift in the rainfall regime
of the castern Sahara is valid only if proof
can be furnished thar its lower course was
not an cxotic river like the modem Nile—
that is, a teleconnection from the headwa-
ters, but was fed by substantially increased
local rainfall, The following evidence sup-
ports this point of view. In the near vicinity
of the wadi (Fig. 1a, locality 2) the ground-
water table rose considerably, causing the
formarion of a lake more than 6 km? in area;
its lake chalk contains both freshwarer Mol-
lusca and Osiracoda and was radiocarbon
dated to 9195 + 95 years ago (Hv 13563)
at the basc and 7985 = 90 years ago (Hv
13564) ar the top. The close nerwork of
now defunct tributary wadis with broad
gravel belts east of Gebel Rahib likewise
points to paleo-discharge characteristics es-
sentially different from those of today. Fur-
ther evidence is the formarion of 50 m wide
calcarcous sinter incrustations above the
wadi bank with a radiocarbon age
7825 = 100 years (Hv 13565); dwy were
supplied by springs fed by mﬁ]rrami local
rainfall (Fig. 1a, localities 7).

Furthermore, the 12-m rise in the warter
table at El Atran, 90 km to the north (Fig.
1b), could not have been induced by the
upper Wadi Howar. Giraffe bones in the
lake chalk were dated ar 7370 % 80 years
ago (Hv 13566). The ferrous sulfite—bear-
ing lake mud, laminated at the base and
dared ar 9180 *+ 200 years ago (UZ 2270),
is more than 7 m thick at the deepest part of
the basin; hence, the lake was probably
deeper than 19 m. Also, extensive field
studies in February 1985 and January 1986
revealed a 180 km long relict drainage net-
work west of Nukheila Oasis (Wadi Fesh-
fesh, Fig. 1b) that was fed by local rainfall. A
more than 10 km wide basin belonging to

presumed
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Do
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dodf.  [IOstracnda;

this ancient river valley conrained a continu-

K. S, Sandford, Grggr. J. 85, 412 (1935
D Newbuld, S Nt R, 7, 43 (1924, R, Said

we

ous scquence of 3 m thick diaro-
mite with radiocarbon of 7780 = 90
years at the base and 3805 & 65 years at the
top (Hy 14446 and Hy 14441), This inner
Saharan archipelago of brackish o freshwa-
ter lakes was possibly linked to the Mourdi
depression (10).

At Nukhcila, only 40 km cast of this
Holocene river, thinoceros bones were
found in lacustrine marls {11). The lake marl
terrace here is locared 6 m above the present
level of the hypersaline ground water fed—
lake. The pollen-bearing algal muds of the
‘Oyo complex (12) also belong to this archi-
pelago of carly to mid-Holocene lakes and
correspond to those at El Atrun and Sclima
The latter cxisted between about 9200 and
4500 years ago (13). Finally, the fossilifer-
ous lake chalk sequences 80 km northwest of
Lagiya Arbain dared berween 7500 and
6500 years ago fit into this picture (14).

Ir is now clear that there is substantial
evidence of a rainfall regime supporting an
early Holocene ground-water recharge and
that this evidence culminates in the lower
Wadi Howar (18°N). It was surrounded by
the carly Holocene Sahel zone, which
stregched abour 500 km further north than
today. Since the number of paleoclimaric
indicators decreases northward of Wadi
Howar, we conclude that rainfall was due to
wopical influences from the south, These
findings show parallels to paleoclimatic evi-
dence from the central and western Sahara.
Lake Chad (14°N) as well as the Mali lakes
(21°N) record high levels and humid phases
between 9500 and 4500 years ago (15, 16).

The extreme summer aridity (17) of the
Sahara was suspended in carly Holocene
time. At present it is due to the sinking air
masses in the delta of the tropical easterly jet
stream, which in turn is caused by high
summer temperatures in the central Asian
mountains. Should the proposal of a persist-
ent glaciation in the Tibctan mountains
during the carly Holocene prove correct
(18), summer palcorainfall in the castern
Sahara could be explained by a continuing
weakening of the easterly jer stream.
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Neuronal Coding and Robotics

Apostolos P. Georgopoulos ez al. (1) pre-
sent a study of neuronal coding of direcrion
of arm movements in monkeys. They show
that a group of neurons exist in the motor
cortex which have firing races that can be
combined vectorially to predict the direction
of arm movement.

In robotics, an analogous problem exists,
called kinematic inversion (2). The issue is
1o decide how to drive the motors of a robor
arm 50 as to drive the hand in 2 particular
direction in Cartesian  coordinates. The
problem is interesring because the individual
joint actuators do not contribute uniquely
1o any one Cartesian direction. Instead, their
contributions are “broad” in the sense of
(I): scveral motors contribute o motion
along a single Cartesian direction. Further-
more, cach motor must, in general, vary its
contribution during a motion because the
geometric relations between single motor
contributions and ultimare hand direction
vary as the arm moves and changes shape.

To be more precise, the problem in (1) is
called the velocity control problem in robot-
ics, wherein the controller must choase ve-
locities for the joint actvators in order to

obtain a velocity vector for the hand in
Cartesian coordinates. This Careesian veloci-
ty vector corresponds to vector M in (7).
This problem was solved (3), as follows: Let
X represent a position and ¥ a velocity,
respectively, in Careesian space. Let © repre-
sent a vector of arm joint positions and 02 a
vector of arm joint velocities, We say that &
and {1 exist in joint coordinares. Then V and
{2 are related by

V=@ a (28]
where J is called the Jacobian marrix of the
arm and consists of partial derivatives of
Cartesian axis motions with respect o joint
axis motions. In general, 7 is 6 X 6 because
Cartesian motions comprise three transla-
rions and three rotations, and arms able to
make such motions must have at least six
joints. The velocity contral problem is
solved by writing

a=ylev @
The robat’s control computer takes in ¥
commands, reads ©, calculates J and 71,
and finally calculates {2 and sends it to the
motors as individual command velocities.

SCIENCE, VOL. 237



The Lower Wadi Howar (17-18° N):

once the Nile‘s largest tributary from the Sahara

Wadi Howar: Paleoclimatic Evidence from an Extinct
River System in the Southeastern Sahara

H.-J. PACHUR AND S. KROPELIN
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Fig. 1. (a) Generalized topographic map of the lower Wadi Howar showing
reconstructed paleodrainages and selected features (source of data, LAND-

SAT imagery and field investigations). (b) Outline map of the castern Sahara  Feshfesh; N, Nukheila; and A, El Atrun.
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New petroglyph sites in the Southern Libyan Desert

ng the annual geoscientific
missions in the Bastern Sa-
of Western Egypt, Northwest
n and Northeast Chad con-
d since the early 1980s, a
ber of rock art sites have
observed which were not re-
d before. Some examples
Sudan, where rock art is rel-
ly scarce with the exception
bel Uweinat, and Chad shall
ortly presented here.

Selima

so-called «Dry Selima» is a
tional depression beneath an
pment about 60 km south of
a oasis, in the far north of
. We named it that way be-
of its vicinity to Selima,
the lack of a well or near-
ce proundwater and any
ation (Fig. 1). Surprisingly
gh, Dry Selima remained
ticed until 1990 although
airy-tale oasis of Selima was
to Europeans at least

. Charles Poncet’s and the
rian Pater Krump’s visits in
/1700. Maybe the powdery
esh that covers the southern

"Collaborative Research Praj
AC.

Universitit

(Sudan-Chad)
Stefan Kropelin®

slope of the depression prevented
camel people and vehicle drivers
to proceed to the site.

According to the geological ev-
idence, consisting of 4 metres
of thinly laminated diatomaceous
sediments, a relatively large

groundwater-supported freshwa-
ter lake existed here during the
early Holocene humid phase
about 8970-6700 BP (Pachur and
Wiinnemann, 1996). It filled the
lower parts of the wind-carved
basin, which is dissected by elon-

Fig. 1. Map of the Southern Libyan Desert with location of rock art sites. (1)
Dry Selima, (2) Lower Wadi Howar, (3) Zolat el Hammad, (4) Central Ennedi.
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HOLOCENE ROCK ART FROM
THE NORTHWESTERN FLANKS
OF THE ENNEDI HIGHLANDS,
EASTERN SAHARA, CHAD

The Ennedi highlands in the remote desert

(17°22'N-21°09'E) have

been called the “Garden Eden of the Sahara.”

The triangularly shaped sandstone plateau

{ spectacular cliffs and rock forma-

d y a laby

ns some of which include ecological

ch ith remnant crocodiles. Numerous

rock shelters contain some of the best pre-

served painted rock art on Earth. An ideal

sequence of superposed layers starts with
engravi

roaming peacefully with herds of rhinos or

i indicating a fully developed

They are overlain by

0 tic cattle and
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tributed to the Tron Age.
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Reconstructing Climates
of the Quaternary
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ymprehensive overview of the methods of paleochmatic

1 and of the historical changes m climate
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Duaternary, Third Edifion
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hyperarid des changes are docu-
mented in a complete Tolocene record of
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Lake Yoa, Ounianga Kebir,

Photograph courtesy by Stefan Krapelin,
University of Cologne.
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OUNIANGA FIELD WORK

Test coring (1 m core):
Jan-Feb 1999 (6 weeks)

2nd coring (4 m core):
Nov-Dec 2003 (7 weeks)

3rd coring (8 m core):
Oct-Nov 2004 (5 weeks)

Ath coring (16 m core):
Feb-Mar 2010 (5 weeks)

Surveys, sampling:
Oct 2011 (2 weeks)
Mar 2013 (1 week)

(total: 52 weeks)
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Climate-Driven Ecosystem Succession
in the Sahara: The Past 6000 Years
| g

COVER

Lake Boku at the Qumianga oasis in
remote northeastern Chad, one of the
few remaining bodies of water in the
almost rainless Sahara. Still sustained
by fossil groundwater dating from the
numid past, 1t s doomed because of
encroaching dunes, See page 765.
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In Lake, Signs of Slow Shift From Savannah to Sahara

By KENNETH CHANG
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Comment le Sahara est devenu un désert
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SEDIMENTOLOGY

Sedimentology (2013) 60, 911-934 doi: 10.1111/§.1365-3091.2012.01370.X

Varved sediments of Lake Yoa (Ounianga Kebir, Chad) reveal
progressive drying of the Sahara during the last 6100 years

PIERRE FRANCUS*'¥, HANS VON SUCHODOLETZ}'§, MICHAEL DIETZES,
REIK V. DONNERY, FREDERIC BOUCHARD*, ANN-JULIE ROY**, MAUREEN
FAGOT+4%, DIRK VERSCHUREN+4'!? and STEFAN KROPELIN##-?

*Institut National de I * '
9A9, Canada (E-mail:

A Maagoscopicview B Petrographicmicroscope view € SEM BSE image D Elemental maps
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+GEOTOP Research ( e
tInstitute of Geograpl B ‘
§Institute of Geograp! —

Potsdam Institute fo;
**Département de Gé

ttLimnology Unit, De

tiInstitute of Prehisic

.. 'Detailed microscopic investigation revealed the sedimentary processes responsible for
the formation of the fine laminations, identified the season during which they were formed,
and their annually rhythmic nature. High-resolution XRF core scanning allowed distinction of
each individual lamination over the entire record, opening new perspectives for the study of
finely laminated sediment sequences.” ..




Lake Yoa, Ounianga Kebir (March 2010)




Lake Yoa long core Co1240

» Continuous subannually varved 10,500-year
continental record

» Exceptional thickness of Holocene varved
sequence (16 m)

» Evidence of all natural and anthropogenic
events

S ansarin | A » Most detailed chronology of climate change
on the African continent




QAGU FALL MEETI

San Francisco | 12-16 December 2016

PP41D-08: Lake Yoa (Northern Chad): A Seasonal Footprint of 10,500 Years of Climate
Change in the Sahara

w O Thursday, 15 December 2016
09:45 - 10:00
@ Moscone West - 2010

We present Africa’s most complete Holocene climate record in a long awaited breakthrough that few would have
expected in one of the driest and most remote parts of the Sahara, the planet's major hot desert. A 16 m thick
continuous sequence of seasonally laminated (varved) deposits at the bottom of a now fully groundwater-supported
oasis lake at Ounianga Kebir in northern Chad extends our earlier 6,000 year record published in 2008 back to the
onset of postglacial humid conditions 10,500 years ago in unrivalled detail. Main results indicate a rather slow
regreening in northern Africa after ~100,000 years of apparently continuous late Pleistocene aridity; precisely define
the severe environmental impact of global climate events such as the 8,200 BP North Atlantic cooling even in
hypercontinental positions far away from the oceans; and corroborate the gradual termination of the last “Green
Sahara” period over millennia. Lake Yoa's varve count-controlled age model also shows the high error potential of the
existing '*C chronology from bulk carbonate-dated paleolacustrine archives elsewhere in the Sahara and provides a
basis for its correction. The new terrestrial multiproxy data set discloses agreements and discrepancies to marine and
ice core data, and numeric climate models. As a natural analogue, it helps to foresee how North Africa’s climate and
environments might evolve due to anthropogenic global warming.
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Climate-Controlled Holocene
Occupation in the Sahara:
Motor of Africa’s Evolution

Rudolph Kuper and Stefan Krgpelin*

Radiocarbon data from 150 archaeological excavations in the now hyper-arid Eastern Sahara of
Egypt, Sudan, Libya, and Chad reveal close links between climatic variations and prehistoric
occupation during the past 12,000 years. Synoptic multiple-indicator views for major time slices
demonstrate the transition from initial settlement after the sudden onset of humid conditions at
8500 B.C.E. to the exodus resulting from gradual desiccation since 5300 B.C.E. Southward shifting
of the desert margin helped trigger the emergence of pharaonic civilization along the Nile,
influenced the spread of pastoralism throughaout the continent, and affects sub-Saharan Africa to

the present day.

uring the past decade, it has become

increasingly clear that climate signals

extracted from pol
floor sediments
climate and environmental fluctuations on tropical
and subtropical continental regions habitable by
humans. Contrary to the concept of the Holocene
as a climatically stable period (7). all geological
and archaeological evidence from the hyperconti-
nental Eastern Sahara indicates marked climatic
and environmental changes over the past 12,000
years that often do not reflect climate anomalies
recorded in high-latitude archives (2). The Eastern
Sahara covers >2.000,000 km® and includes the
Western Desert of Egypt, Northwest Sudan, and
the adjacent parts of Libya and Chad, which
together are about the size of wesiern Lurope.
Today. it is the largest hyper-arid warm desert on
Earth. with virtually no rainfall (<2 nun/year) in its
center and maximum precipitation of 30 mm/year
at its peripheries against potential evaporation rates
of up to >6000 mm/year (3)

As a consequence of the extreme aridity and
scarceness of wells. the Fastern Sahara—outside
the Nile valley and groundwater-supported oases
in the Egyptian “New Valley,” Fayum, and
Siwa—has been completely void of permancnt
human settlement in recent millennia. For this
reason, it is a unique natural labotatory for the
reconstruction of the links between changing
climate and environments, and human occupation
and adaptation, with prehistoric humans as sensi:
tive indicators ol past climate and living
conditions. Their mere presence there, documented
in countless archaeological remains and oceupa-
tion sites, or their absence, serves as unfailing evi-
dence for shifting climatic zones, as well as the

r ice caps and ocean

annot be directly translated into

Collaborative Research Center 389 (ACACIA), University of
logne, Institute of Prehistoric Archaeclogy, Africa
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development of Neolithic achievements, inter-
regional contacts, and innovative strategies that
have modeled the sociocultural evolution on the
African continent to the present day.
Understanding the spatial and temporal
variations of past ramnfall requires integration of
geological, archacological, archacobotanical, and
archaeozoological field data into regional chronol-
ogics at sevetal time slices and distinet latitudinal
zones. A vast region. stretching 1800 km from
latitudes 15°N to 31N and 1300 km between
Tongitudes 22°E and 34°E, can hardly be treated as
ty. Such a multi-indicator and supra-
ng of local
y reflect

a single en
regional approach prevents overstress
stratigraphies that may not
C: in the same g cal latitude (4)
and avoids the ambiguity of condensing geo-
logical and biological evidence Irom several
millennia into a single age looscly defined as
“Holocene optimum” (5, 6).

Onset of humid conditions. During the
Allerdd interstadial (about 11.900 to 10800
B.CE.), when Northwest Europe witnessed tem-
porarily wani
Younger Dna\ the final cold phase of the
Pleistocene, the Eastern Sahara was still void of
any aquatic cnvironments and as hyper-arid as it
was during the Last Glacial Maximum at 20,000
B.CE. The first signal of a changing climate
ocewred in the early Preboreal with the establish-
ment of posiglacial conditions in the mid-latitudes,

ice sheets, and the following

tropical summer rains owing to a major extensio
of the paleomonsoon system, whereas the contr
bution of Mediterrancan winter rain systems nort
of 24°N remains vague. As a result, notabl
improved environmental conditions spread owc
the entire Eastern Sahara (7-73), with semihuny
climates in its southern part and semi-ari
conditions in its center.

Time transgressive drying of the Easter
Sahara. The chronology of radiocarbon date
from early and mid-Holocene occupation site
along a north-south transect through the Faster
hara provides a spatial and temporal synthesis ¢
the directional trend in shifting human population
(Fig. | and fig. S1). It was compiled from almos
500 radiometric results from about 150
tions at non-oasis sites, supplemented by cor
densed chronologies for Nabta and Kiseiba (4
the Egyptian oases (16, 17), and the Nile valle
(18). The general amay of radiocarbon dates, wit
older dates in the north and the bulk of younge
dates in the south, clearly indicates (i) a movemer
of prehistoric populations toward the present

ahelian zone; (if) a dearth of early Holocen
data from the Nile valley at a time when huma
presence in the Eastern Sahara is well docy
mented; and (iii) a sharp break of settlement i

excave
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the Egyptian Sahara at about 5300 B.CE. (ex
cept for some ecologically favored refuges suc
as the Gilf Kebir Plateau), the time when Neolithi
and predynastic farming communities began flow
ishing in the Nile valley.

Phases of human occupation. Cumulativ
curves of the archaeological chronological dat
(Fig, 2) indicate four distinct occupation phases: (
the Reoccupation phase (8500 to 7000 B.C.E.
starting with surprisingly early settlement in th
Egyptian Sahara; (ii) the subsequent Formatio
¢ (7000 (0 5300 B.C.E.), ending abrupily ina
arcas without permanent water; (iii) the Regiona
ization phase (5300 to 3500 B.C.E.), featurin
retreat to highland refuges with conti
and temporary lakes; and (iv) the Marginalization
phase (3500 to 1500 Il( ). with only transient
human activities in the ptian Sahara and pre-
historic cccupation restricted to Northemn Sudan.

Here, we discuss these major occupation
phases in the comtext of their assumed cnvi-
ronmental settings. We provide the climatic
background in synoptic zomes, limited by best
estimate isohyets (lines of equal annual precipita-
tion) on the basis of geological, archacozoologi

mg rain

supported by evidence of a sudden of

and archaeob | data (7, 912, [19). Cor

carbonate lake formations in the Sudanese Sahara
and of siliceous mud deposits in the Egyptian
Sahara.

Radiocarbon dates of the base levels of these
paleolakes and playa-type min pools reveal the
almost contemporaneous onset of pluvial con-
ditions between latitudes 16°N and 24°N at about
8500 B.C E., indicating an abrupt northward <hifl
of the tropical rainfall belts over as much as 800
km within just several generations (7, This
decisive climate change can be amwhurcd to

tion between the proposed pluviometric pattern
and the archaeological evidence produces a
coherent scenario for environmental, socio-
cultural, and economic change in the Eastern
Sahara since the terminal Pleistocene.

Al that time, the Saharan deserl extended about
400 km farther south than it does today, covering
more than one-third of the Al
3A and fig. 82A). Prehistoric sites along the Nile
are overrepresented at Lake Nubia (because of the
archacological missions related to the

n continent (Fig

rescue
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Fig. 1. Radiocarbon dates from early and mid-Holocene occupation sites in the Eastern Sahara.
The graph is arranged from north to south and based on almost 500 radiometric results from our
excavations of non-oasis prehistoric sites, with condensed chronologies for the Egyptian sites of
Jebel Nabta and Bir Kiseiba (4), and the Egyptian and Sudanese Nile valley and oases (16-18).

The data show the clear frend of southward shifting occupation driven by the retreat of monsoon
rainfall, and the contrasting economies in the Nile valley and the Sahara. Green shading marks
humid conditiens; symbols of domesticated cattle demonstrate the spread of pastoralism. See fig.
S2 for details and site locations. Years B.P., years before present; Dyn., dynasty.
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> 50 mm/yr > 150 mm/yr > 300 mm/yr > 450 mm/yr O Occupation in ecological refuges, episodic transhumant settlements Pharaonic state *-+ Pharaonic trail --- Possible continuation




Climate change and prehistoric occupation in the Eastern Sahara

» From ~ 8,500 BCE increasing monsoon rainfall pushed the former desert margin some
800 km north to beyond the Tropic of Cancer creating semi-arid conditions in the north
(Egypt, Libya) and semi-humid conditions in the south (Chad, Sudan)

» Transformation of the late Pleistocene desert into diverse savannah environments with
wide-spread lakes and wadis resulted in rapid dissemination of wild fauna and diversely
swift reoccupation by hunters and gatherers from the south

» Relatively stable favourable environments prevailed over ~ 3,200 years

» From ~ 5,300 B.C.E. gradual southward retreat of the monsoons causing environmental
deterioration and shifting occupation

» Mobility was the key to survival and drove prehistoric societies from semi-sedentary
foraging to a multi-resource economy

» The desiccation of the Sahara (co)triggered the emergence of Egyptian and Sudanese
civilization in the Nile valley, influenced the spread of pastoralism throughout the
continent and was a motor of Africa’s evolution



The “African Humid Period” in the (Eastern) Sahara

»Extent — Timing — Causes?
»“Abrupt onset at 14,800” vs Rather slow onset from ~11,000 — 10,000

»“Abrupt termination at 5500” vs Gradual southward retreat
of monsoon rains from ~ 7300 - 2700

» Validity of marine sources for continental African paleoclimatology?
» Validity of numeric climate models?

(dates cal BP)






