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Paleocl~matic records from equatorial East Africa, Antarctica, and Greenland reveal that 
atmospheric circulation changed abruptly at the early to mid-Holocene transition to full 
postglacial conditions. A climatic reorganization occurred at all three sites between 8200 
and 7800 years ago that lasted 200 years or less and appears to have been related to 
abrupt transitions in both marine and terrestrial records around the world. 

Late  Ple~stocene cl~inates fluctuated dra- 
matically on decadal to century scales ( 1 ,  
2 ) .  Recent hieh-resolution records have 
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sholvn that the warmer Holocene, though 
relativelv more stable than the late Pleisto- 
cene, was also subject to rapid change (3- 
7). Climatic instability during warm inter- 
glacial~ has important implications for the 
modeling of anthropogenic effects on inod- 
ern climates. Here we exa~nine the timing - 
of the Holocene climatic reorganization 
that was associated with the final retreat of 
large continental ice sheets and the result- 
ant stabilization of global sea levels around 
8000 years ago (8,  9) [all dates are given in 
calendar years before the present (B.P.) 
(2000 A.D.); the conversions are after 
( lo) ] .  In this early to mid-Holocene transi- 
tion (EMHT), the summer monsoons meak- 
ened over the western Indian Ocean 13). , , 

tropical precipitation declined or became 
more seasonal (1 1-1 3), and precipitation 
changed at mid-latitude sites (4, 11, 14). 

The timing and distribution of the 
EMHT have been uncertain. which inakes 
it difficult to evaluate causal mechanisms. 
To address these questions, we compared 
records of the EMHT in paleocliinate 
records froin the equator and both poles 
(Fig. I ) .  We examine a fine-interval diatom 
record from northern Lake Victoria, East 
Africa (0°05'0"N, 32'48'2"E) (7),  Green- 
land's Greenland Ice Sheet Project Two 
IGISP2) ice core record 172.6ON. 38.5"W) 
(5),  and a new Holocene ice core record 
from Taylor Dome (TD), East Antarctica 
(7'i047.7'S, 158"43.11E). The temporal res- 
olution mas -200 years at GISP2 (15) and 
some\vhat greater at TD and Lake Victoria. 

The Lake Victoria diatom record (30- to 
45-year intervals) was obtained from core 
Ibis-1 from the Damba Channel (Fig. 1) 
and is calibrated with three bulk 14C dates 
that vary linearly with depth over the past 
-13,000 years. More abundant dates in 
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other cores also show that middle and late 
Holocene sedimentation at Lake Victoria 
was relatively steady (16, 17). We used a 
14C reservoir correction of 600 years, which 
is the approximate 14C age of recent sedi- 
ments and is consistent with linear extrap- 
olation of surface sediment ages in two 
cores (7, 17-19). 

Correspondence analysis ordination 
(CA) [which is similar to principal compo- 
nents analysis (20)] of the diatom series 
summarizes Holocene limnological changes 
in northern Lake Victoria (Figs. 2 and 3) .  
The first axis [CAI (Fig. 3)] tracks the 
abundances of Aulacoseirn nynssensis and 
Nitzschin fonticola (Fig. 2), which are 
thought to reflect seasonal wind-driven 
mixing and stratification, respectively, in 
Lake Victoria (7). Increased seasonality of 
mixing favors A ,  nynssensis over other Aula- - 
c0seil.a species that are less capable of sur- 
viving prolonged stratification episodes (7,  
21). We thus use CAI as a proxy for the 
degree of wind-driven mixing. The second 
axis [CA2 (Fig. 3)] is correlated with the 
abundances of A, granulatn and A .  nmbipun 
(Fig. 2)  and appears to he a proxy of pre- 
cipitation: evaporation ratios (P:E) or lake 
depth (7). 

The GISP2 chronology (which uses 
smoothed 2-year intervals) is based on an- 
nual laver counts 11 5 .  22) .  The TD chro- 
nology (lvh~ch uses 25-year intervals) is 
based on ice flow modeling, marker hori- 
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zons, and isotopic correlations with other 
Antarctic ice cores (23). High sodiurn (Na) 
concentrations in the two cores (Fie. 3)  are 

~ c 7 ,  

thought to reflect intensified ~neridional 
circulation and atmos~heric mixing.. The " 

Na is derived primarily from oceans at lower 
latitudes (5, 24). 

High northern summer insolation during 
the early Holocene strengthened monsoons 
and contributed to warm, humid conditions 
throughout the tropics (1 1-1 3) .  Northern 
Lake Victoria mas well mixed by frequent 
strong winds, and P:E or lake levels were 
high, with a peak in CA2 developing be- 
tween 8200 and 7800 years B.P. (Figs. 2 and 
3).  Sodium deposition declined rapidly at 
GISP2 and TD with post-Pleistocene 

warming and weakening of polar atmo- 
spheric circulation (2 ) ,  which leveled off at 
-10,300 years B.P. (Fig. 3). 

A century-scale, globally distributed 
cooling event (5, 25) corresponds with a 
Na peak in both the TD and GISP2 records 
(26) between 8400 and 8200 years B.P. 
(Fig. 3). There was a decline in P:E or depth 
at Lake Victoria around 8300 to 8200 years 
B.P. (Fig. 3) that mas more strongly devel- 
oped at several tropical African sites (12) 
and may have been related to the polar 
cooling event. 

Shortly after -8200 years B.P., Na con- 
centrations declined sharply at GISP2 and 
at TD during the CA2 peak at Lake Victo- 
ria (Fig. 3). At -7800 years B.P., Na con- 
centrations declined at TD and at GISP2, 
whereas rnicrofossil changes in Ibis-1 and 
other cores imply that both P:E and wind 
activity decreased rapidly at Lake Victoria 
(7, 16, 17) (Fig. 2). We interpret the 
changes close to 8200 (GISP2) and 7800 
years B.P. (TD and Lake Victoria) to rep- 
resent the EMHT at these three sites. Our 
data indicate that these shifts lasted 200 
years or less. 

After 7800 years B.P., Na concentra- 
tions recovered quickly at GISP2 and fluc- 
tuated throughout the remainder of the Ho- 
locene. In contrast, the EMHT evidently 
altered climates profoundly at Lake Victoria 
and TD. Aridity or rainfall seasonality (or 
both) increased throughout much of the 
tropics after the EMHT (12, 13, 27), and 
the seasonality of rainfall and lake mixing 
increased rapidly at Lake Victoria core sites 
(7,  16, 1 7) (Figs. 2 and 3). Rainfall season- 
ality also increased abruptly in much of 
North Africa at -7800 years B.P. (28). 
Although P:E rose at -6500 years B.P. at 
many tropical African sites (12), Lake Vic- 
toria's CA2 declined from the EMHT to 

Fig. 1. (A) Locations of GISP2, Lake Victoria 
(VIC), and TD core sites. (B) Lake Victoria with 
Damba Channel (1) and Pilkington Bay (2) core 
sites; scale bar, 100 km.  
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the present in response to decreasing P:E which is possibly related to a decline in the 
and downcutting of the Nile outlet (7) (Fig. extent of Antarctic sea ice (29) [which also 
3 ) .  At TD. Na concentrations remained occurred in the Arctic Ocean 19)l that , , >  

low for -2000 years after the EMHT and might have shifted circumpolar air masses 
only recovered slowly after 5500 years B.P. poleward. Dust production declined and P:E 
The dron in Na influx at TD rnav reflect increased at middle latitudes 011 the south- 
diminution of meridional circulation, ern continents (12-14). 

Fig. 2. Holocene micro- 
fossil records from Lake 
Victoria Pollen records 
of seasonally dry Celtis 
and moister Moraceae- 
rch forests from PIkng- 
ton Bay are shown 128 
14C dates (1611. Selected 
diatom series from the 
Damba Channel core are 
primary bases for the CA 
axes d~scussed n the 
text. Aulacoseira granu- 
lata and A. ambigua ind- 
cate well-mxed cond- 
tons; benthc Fragilaria 
reflect low lake levels 
and Increased mixing. 
EMHT, early mid-Holo- 
cene transition at 8200 
to 7800 years B.P. 

Fig. 3. Holocene chemcal EMHT 
and m~crofoss~l records 2000 4000 6000 8000 10,000 
from the equator and A , , , I , , , I , , , , , I , , I I 
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wind-dr~ven mxing and P:E 
or lake depth, respectively. 

Our data suggest that the climatic 
changes associated with the EMHT oc- 
curred si~nultaneouslv in Africa and Ant- 

B 

arctica but may have'begun somewhat ear- 
lier in Greenland, although the degree of 
difference is within the dating errors for 

Declining P:E or lake level Ih L 200 

these records. 
Other prominent examples of century- 

scale climatic reorganizations at -8000 to 
7500 years B.P. have been seen in records 
from around the world, including records 
from North America (30), the North At- 
lantic Ocean, the Arabian and Caribbean 
Seas (3,  31), and Asia (32). An unusual 
"triple oscillation" (a rapid sequence of 
Maunder and Sporer-type disturbances) oc- 
curred in the atmospheric 14C record from 
8400 to 7800 years B.P. (33). Thus, the 
EMHT may have been associated with dis- 
ruptions of ocean circulation or a change in 
solar radiance or cosmic ray flux. 

Our results show that at least one climat- 
ic change during the Holocene was widely 
distributed and abrupt in both the tropics 
and the southern regions. Furthermore, the 
Holocene paleoclimatic record of northern 
Lake Victoria, which is located at the equa- 
tor, more closelv resembles the Antarctic 
record than that Af Greenland. This compar- 
ison supports recent models linking Holo- 
cene climatic fluctuatiol~s in tropical and 
southern Africa (1 4 ,  34) and South America 
(13) to changes in Antarctic weather sys- 
tems and circumpolar ocean currents. 
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Giant Planet Formation by 
Gravitational Instability 

Alan P. Boss 

The recent discoveries of extrasolar giant planets, coupled with refined models of the 
compositions of Jupiter and Saturn, prompt a reexamination of theories of giant planet 
formation. An alternative to the favored core accretion hypothesis is examined here; 
gravitational instability in the outer solar nebula leading to giant planet formation. Three- 
dimensional hydrodynamic calculations of protoplanetary disks show that giant gaseous 
protoplanets can form with locally isothermal or adiabatic disk thermodynamics. Grav- 
itational instability appears to be capable of forming giant planets with modest cores of 
ice and rock faster than the core accretion mechanism can. 

T h e  iliscovery of extrasolar giant planets 
(1-5) presents theorists \\,it11 the  challe~lge 
of trying to ~ u ~ ~ d e r s t a n d  the for~nation of 
these planets n i th in  the  context of the  
generally accepteil core accretion model for 
the  formation of the  solar system's giant 
planets. T h e  core accretion rnodel eny~sions  
the  formation of cores of roughly 10 Me 
(ML = the  mass of Earth) through plane- 
tesimal collisions, followed by rapld accre- 
tion of gas from the  solar nebula (6) .  H o n -  
ever, the  core accretion lllodel suffers from 
the fact that the  tlme neeiied to  assemble 
the 10 M, cores, mhich is o n  the  order of 
10" years in the rnosr optimistic scenarlo 
(3, lies in the  miilille of the  range of ages 
( -  10' t c ~  - 12' years) a t  \vhich young solar- 
type stars lose their gaseous iiisks (8). If the  
disk gas has already dissipated by the  time 
that 10 l ) I z  cores form, then Uranus-like 
planets nrould result, rather than Jupiter- 
like planers, a fate that led to some under- 
standable pessi~llisrn about the  frequency of 
occurrence of extrasolar giant planets (9) .  

T h e  detection of a number of extrasolar 
planers \\-ith ~ n i n i ~ n l ~ ~ n  lnasses rangi~lg from 
?.i to 4 MI (M, = 318 = the  mass of 
Jupiter) has removed 111uch of the  concern 
that giant planers might be rare in our 

Decar l~e r t  of Ter*es-r~a Magnet sm, Carregie nst ta- 
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galaxy. For iletection by the  radial 1-elocitj- 
technique, the  planet's lnass rvill he consid- 
erably larger than the  minirnum if the plan- 
er's orbit is nearly in  the plane of the  sky. 
T h e  suspected glant planets orbiting 47 Ur- 
sae blajoris (2 ) ,  Lalaniie 21 135 ( 3 ) ,  and 16 
Cygni B (4)  have semimajor axes of 2 to i 
astronom~cal units ( A U )  ( 1  A U  = 1.5 X 
1013 cm = the  ilistance from Earth to  the  
sun),  and have lllillimurn masses of 1.5 to  
2.4 Mj; Lalande 21 185's asrrometrically Lie- 
tected planet is fixed in mass at 1.5 M,. T h e  
core accretion rnodel may be l~nable  to 
produce giant planets more massive than 
about 1 MI if the gron.ing planer's gravlry 
induces a gap in the  s u r r o ~ u ~ ~ d m g  disk (10) .  
In  addition, suspected bron-n dn.arf stars 
istars nit11 M < 30 h1,) have also been 
found in orbit around ilearby stars (1 I ) ,  
n i t h  minimum Inasses as slnall as 6.6 MI 
(12) ,  possibly blurring any mass-based disl 
r ~ n c t ~ o n  betnreen planets and brown dwarf 
stars 113). 

T h e  core accretion ~ ~ l o d e l  n.on favor 
largely because of its ability to  explain the  
similarity of the  masses of the  ice and rock 
cores lnierred for Jupiter,  Saturn, Uranus, 
and Keprune through the  preiliction (14)  
of the  exisre~lce of a single critical core 
mass (-10 M3) that  ~vould trigger gas 
accretion throughout the  solar nebula. 
Honever ,  recent ~nodels  of the  mrerlor 
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structure of Jupiter and Saturn ( 1  5 )  have 
concluded that  their Ice and rock core 
masses are smaller t h a n  had pre\~iously 
heen thought likely: 3 to  10 M3 for Jupiter 
a n J  1 to  13 M3 for Saturn, as compared 
wit11 the  older estimates (16)  of 10  t o  30  
Mr for Jupiter anii 15 to  25 M3 for Saturn.  
I f  t he  lower estimates are accurate, t h e n  
much of the  attraction of the  core accre- 
tic111 theory would be lost because lower 
Illass cores might 11or be able to  trigger gas 
accretion. 

For these and other reasons (i), it seems 
prudent to reevaluate the  possible mecha- 
nisms for glanr planet formation. O n e  hy- 
13othesis is the  eravirational instability 

u 

mechanism (1 7) ,  111 \vh~ch  the  solar nebula 
breaks up through ~ r s  o\lJn self-gra\~ity into 
clumps of gas and dust, rer~med giant gaseous 
prorol>lanets (GGPPs) ,  which then con- 
tract and collapse to  form giant planets 
(18).  T h e  G G P P  mechanism Lvas discarded 
because of its failure to  explain the  large 
values and imilaritv of estimated core 
lnasses for both the  giant and the  outer 
planets ( 6 ,  16) ,  but these problems may n o  
longer exist. 

Previous n-ork o n  oravirational instabil- " 

ities in disks had suggested that marginally 
unstable disks would evolve through the  
formation of spiral dens~ry naves (19) ,  
thereby avoiding G G P P  formation, and 
that GGPPs could only occur if the  disks 
\\-ere s t r o ~ l g l ~  ~ u ~ ~ s t a b l e  (2C). G G P P  forma- 
tion also s e e ~ l ~ e d  to  require that the  insta- 
hilit\- proceed at a fixed temperature a t  a 
g ~ \ - e n  orbital radlus ( that  is, locally isother- 
mal),  in order to  prevent thermal pressure 
from iiampmg the  gro~vth of the  perturba- 
tions (20). 

In  the  process of calcula t~ng axisym- 
metric models of t h e  temperature disrribu- 
t ion in  the  solar nebula 121 ), t he  general 
trend arose of r e l a t ~ v e l ~  hot  (miiiplane 
temperature T,., - 1000 K )  regions inside 
a f e ~ v  A U ,  surroundeii by relatively cold 
(T,,, - 100 K)  outer regions. I n  disks nit11 
masses of -100 h1, inside 10 AU, t he  
outer regions were 'iiense enough to  be 
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