
,n nn Hemisphere (SH) ocean-atmosphere dy- blon-. .a .n~?;;?r?r '='k?z~\ 0" "kl. namlcs and N H  monsoon strength (14-17) 
r 

(F1g. 1). 

PI i~-Plei5"ccene A5ian f \ l ~ \ n 5 ~ ~ n  Latent heat (LH) assoc~ated with this 
molsture transport can be estimated from 

S'everl 6. Clevems, David W. Murray, Warren L. Prell LH = p,CELuAq ( l a )  

Raleoclimate records indicate that the strength ofthe Asian summer monsoon is sensitive 
to orbital forcing at the obliquity and precession periods (41,000 and 23,000 years, 
respectively) and the extent of Northern Hemisphere glaciation. Over the past 2.6 million 
years, the timing (phase) of strong monsoons has changed by -83 degrees in the 
precession and -124 degrees in the obliquity bands relative to the phase of maximum 
global icevolume (inferred from the marine oxygen isotope record). These results suggest 
that one or both of these systems is nonstationary relative to orbital forcing. 

where p', is the air density, CE is the transfer 
coefficient, L is the latent heat of vaporiza- 
tion, u is the wind speed, Aq and AT are the 
sea-air humidity and temperature differenc- 
es, q is the specific humidity, r is the relative 
humidity, T is the temperature, Q(T)  is the 
saturation-s~ecific humiditv as a function of 

T h e  Asian monsoon is a ~r imarv  comno- 
nent of the tropical and glibal c l k a t e  iys- 
tem (1, 2). As such, it's variability and 
evolution are of great interest to both cli- 
mate modelers and paleoclimatologists. We 
used the deep-sea sediment record to exam- 
ine a 3.5-million-vear historv of the Indian 
Ocean monsoon ' in order 'to understand 
how it responds to external forcing (orbit- 
ally driven changes in solar radiation) and 
internal forcing (interaction among the at- 
mosphere, oceans, land surface, and ice 
sheets). 

Insolation for any given latitude and 
season is modulated by Earth's orbital pa- 
rameters and can be calculated with great 
precision for the last 10 million years (3, 4). 
These parameters-orbital eccentricity, ax- 
ial obliquity, and precession of the equi- 
nox-have characteristic periods near 100, 
41, and 23 thousand years (ky), respective- 
ly. However, virtually all the variance in 
solar radiation is accounted for by preces- 
sion and obliquity, with precession domi- 
nating variance in low to mid-latitudes (5). 

Major Plio-Pleistocene changes internal 
to the climate system include the initiation 
of Northern Hemisphere (NH)  glaciation 
-2.6 million years ago (Ma) and the char- 
acteristic 100-ky fluctuations of Late Pleis- 
tocene ice sheets, which began at  -1.2 Ma 
(6-8). The  long-term evolution of global 
ice volume (inferred from 6180) affects 
high-latitude climate directly through 
changes in the extent and elevation of the 
ice sheets. These changes in glaciation are 
accompanied by global-scale changes in sea 
surface temperature (SST), sea level, vege- 
tation, and land-surface albedo (9-1 1), 
which provide dynamic links to low-lati- 
tude climate systems such as the monsoon. 
T o  reconstruct these long-term changes in 
climate, we rely on  proxy indices preserved 
in the geological record. 

The authors are in the Department of Geological Scienc- 
es. Brown University. Providence. RI 0291 2-1 846, USA. 

Modern monsoon meteorology. Both 
sensible and latent heating contribute to 
the temperature and pressure gradients that 
drive summer monsoon circulation (Fig. 1) 
(2 ,  12). Differential sensible heating results 
in low atmospheric pressure over the warm 
Asian continent during Boreal summer and, 
at the same time, high pressure over the 
cold southern subtropical Indian Ocean 
(SSIO) during Austral winter. If this inter- 
hemispheric pressure gradient were forced 
entirely by the corresponding insolation 
gradient, then monsoon strength would be 
essentially constant year to year. The  large 
interannual variability in monsoon strength 
results from internal dynamics related, in 
part, to the storage and export of latent heat 
from the SSIO. Latent heat collected from 
the SSIO is transported across the equator 
and released over Asia during precipitation. 
This heating strengthens the Asian low- 
pressure cell, the interhemispheric pressure 
gradient, and monsoon circulation (2, 12, 
13). Long-term averages suggest that 80 to 
90% of the moisture flux into southern Asia 
originates from the SSIO, providing a 
strong teleconnection between Southern 

T, subscrip; s represents the value at the 
sea-air interface, and subscrint a the value 
at a reference level in the atmosphere 
where flux is constant (1 8). 

O n  a global basis, LH (transferred from 
ocean to atmosphere) is negatively correlat- 
ed with T5 (1 8). This relation may appear to 
be counterintuitive considering the Clau- 
sius-Clapeyron function, which indicates 
that evaporation increases with tempera- 
ture. This trend, however, is true only if u, 
AT, and r are constant (18), conditions that 
rarely occur naturally. If the effects of u and 
q<, dominate, then LH increases with u and 
decreases with q,,. Indeed, satellite and sur- 
face observations document that LH is 
greatest in the trade-wind regions of the 
winter hemisphere, where u is strong and T5 
is low (low q,,, high Aq) (1 3, 17-20). The 
seasonal and interannual correlation be- 
tween increased latent heat, decreased SST, 
and stronger winds in the winter hemi- 
sphere (a time of low insolation) (18) sug- 
gest that, over orbital time scales, LH max- 
ima and monsoon maxima should be asso- 
ciated with S H  winters characterized by 
strong atmospheric circulation. 

Proxy climate records. Annually, 70'% 

Fig. 1. S ~ t e  location and summer monsoon dy- 
namlcs (June to August). Reg~onal winds (arrows) 
stem from the north-south pressure gradient and 
cyclonic circulation around the Asian low. The 
shaded region (northwest Arabian Sea) repre- 
sents the area of h~ghly productive upwelling dr~v- 
en by southwest summer-monsoon w~nds and 
the region of maximal dust deposition from the 
desert source-areas of Arabia and Somalia. La- 
tent heat transport across hatched boundaries 
(arrows with numbers) indicate that 87% of the 
latent heat entering Asia during the summer mon- 
soon season is imported from the southern lndian 
Ocean (units are in loi3 W )  (1 7). Time series of 
anomalies from boxed regions I ,  I I ,  and I l l  indicate 
that stronger trade winds and colder SST in the 
southern lndian Ocean ( I )  are associated with increased cross-equatorial moisture transport (11) and 
increased precipitation over India ( 1 1 1 )  (13). Anomalies are relative to the average between 1954 and 
1976. Ocean Drilling Program (ODP) Site 722B [16"37'N, 5g048'E, 2028 m below sea level (mbsl)]; 
Sediment Trap (21) (16"19'N, 6Oo28'E; 3000 mbsl). 
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of the flux of biologic detritus and 80% of 
the flux of lithogenic detritus to Arabian 
Sea sediments are generated during the 
summer monsoon (21) (Fig. 2). This com- 
bined sediment flux is preserved at Ocean 
Drilling Program (ODP) Site 722 in the 
northwest Arabian Sea (Fig. 1). Thus, sed- 
iments accumulated at this site provide a 
continuous history of changes in monsoon 
strength and regional aridity (Fig. 3). 

The biological indices of monsoon-driv- 
en  upwelling include the planktonic fora- 
minifer Globigerina bulloides as well as the 
biogenic opal content of the sediments. 

Typically G, bulloides is a subpolar species, 
but it is abundant in the Arabian Sea and 
other tropical upwelling regions character- 
ized by seasonally cold, nutrient-rich waters 
(22-26). High biogenic opal content, an  
indicator of radiolaria and diatom produc- 
tion, has also been directly linked to Ara- 
bian Sea upwelling (21, 27, 28). 

The lithogenic grain size (LGS) of deep- 
sea sediments is widely used to monitor 
changes in wind intensity (carrying capaci- 
ty) over geological time scales (29). In Ara- 
bian Sea sediments, LGS provides a means 
of estimating monsoon wind strength, 

Fig. 2. Sediment trap fluxes asso- 4 18 
ciated with summer and winter 16 , 
monsoon circulation. Trap data are 1 3 14% 
normalized for purposes of plotting. E 
Average inputs are shown for peak 12 - 

-0 

winter (December through March) 1 10 8 
and summer (June through Sep- g 8 % 
tember) periods, respectively: G. = 6 .C: 
bulloides (light dashed line), 369 g-I 4 

3 
and 2071 individuals m-"ay-' I- 

(25); lithogenic flux (light solid line). -2May Jd Sep Jan Mar May Jd Sep Oc, 
2 

16 and 48 mg m-"ay-' (58); litho- 1986 / 1987 
genic grain size (median diameter, 
volumetric distribution) (heavy solid line), 10.9 and 12.6 pm; and opal flux (heavy dashed line), 13 and 55 
mg m-Vay- I  (58). Wind speed (hatched pattern) is shown on the right axis. 

Fig. 3. Proxy climate 
records from ODP Site 
722. (A) Global ice vol- 
ume (6180, relative to the 
Pee Dee belemnite stan- 
dard), larger values indi- 
cate increased glacia- 
tion. (B) Summer mon- 
soon wind strength 
(LGS; median diameter, 
volumetric distribution); 
larger values are associ- 
ated with stronger 
winds. (C, D, and E) Bio- 
log~cal product~v~ty drlv- - 200 'k 
en by w~nd-induced up- D 0 

m 
welling dur~ng the sum- -- 100 g 
mer monsoon (opal %, - X 

opal flux, and G, bul- & 401h 000 z 
loides %); larger values "0 #I L ,  , I  
indicate increased up- 8 2~ 
welling, (F and G). Aridity % 
of desert source areas: E 
Somali and Arabia (litho- 

cj 0 

genic % and flux); larger 
values indicate in- - 
creased aridity. Extrac- $ 
tion and analytical meth- 10 5 
ods for the LGS and flux 1 3'01~ 4 

are described in 130), for 6 2.041 11 1 1 I , , ,  
the opal in (59) with 
modifications as in (27), .- 
for stable isotope analy- O,o 
sis in (60) except that we 
used -1 1 individual G. 

" 
sacculifer (>I 50 p,m) per 
analysis, and  for^, bul- 
loides in (22). 

which drives upwelling-induced productiv- 
ity. This link is reflected in the covariance 
between LGS, G .  bulloides, and opal indi- 
cators (23. 30), as well as in the ~os i t ive  , . . .  
correlation between LGS and the s;rength 
of the southwest ~vinds (31). Although 
much of the lithogenic transport takes place 
in the Shamal winds (32) (Fig. I ) ,  the 
correlation between LGS and southwest 
winds is not surprising given that both wind 
svstems are directlv linked to the strength of " 

the Asian low-pressure cell. 
Over eeoloeic time scales, the flux of 

u " 

lithogenic material to the oceans is largely 
unrelated to LGS (29). Lithoeenic flux de- , , - 
pends primarily on aridity in the source area 
and the extent of glacial climates (29, 30, 
33-35). 

Each Droxv indicator is linked to climate 
L ,  

variability through quasi-independent path- 
ways in the marine and atmospheric sys- 
tems. The integrity of each monsoon proxy 
depends on the extent to which it responds 
only to monsoon forcing or is influenced by 
other processes (23, 27, 30, 36-38). For 
example, opal suffers from differential pres- 
ervation, most apparent in the younger part 
of the record (23, 27), and G. bulloides is 
strongly dissolved in the older part of the 
record (38). Lithogenic grain size responds 
to wind strength, as well as changes in the 
deflation potential of the source area. For 
example, increased vegetation in desert 
source areas, associated with more pluvial 
conditions near 9 ka, preclude the grain size 
proxy from recording the strong monsoon 
response seen in the opal and G, bulloides 
records (23; 30, 37). Our multiproxy ap- 
 roach assumes that the biases associated 
with each proxy are independent and that 
the variability in common is the response to 
monsoon forcing. 

Age control for Site 722 samples is con- 
strained by oxygen-isotope stratigraphy, 
biostratigraphy, and magnetic polarity re- 
versal data (39). We  developed the Site 722 
chronostratigraphy by astronomically tun- 
ing lithogenic % to orbital obliquity and 
precession (3,  4). We established the phase 
relative to orbital forcing by incorporating 
measured phase differences between litho- 
eenic % and S180 with the assum~tion that " 
the phase of global ice volume is constant 
throueh time (at Late Pleistocene values) 
re1ati;e to obliquity and precession (40; 
41 ). This assumption is critical to under- 
standing the climatic response to external 
forcing. As such, we separately discuss re- 
sults that are independent of this assump- 
tion (internal to the data set) and those 
that are not. 

Internal whase relations. Our records of 
monsoon strength, source area aridity, and 
glacial conditions reveal that high- and 
low-latitude climates are linked in several 
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ways (Fig. 3). The increased amplitude of 
the 6180 and lithogenic flux records after 
the initiation of 100-ky glaciation cycles (at 
-1.2 Ma) reflects a positive relation be- 
tween high-latitude glaciation and low-lat- 
itude aridity (Fig. 3, A and G). The large- 
amplitude swings in glacial climates of the 
past 600 ky  are reflected in the decreased 
amplitude of the opal and LGS records of 
monsoon strength (Fig. 3, B and C). Final- 
ly, the long-term decrease in the LGS 
record parallels the long-term increase in 
extent of glacial climates (Fig. 3, A and B). 
Taken together, these observations suggest 

Fig. 4. Coherence and phase relations among 
indices of glaciation, aridity, monsoon strength, 
and orbital forcing. (A) Site 659 record of global 
ice volume (34) and schematic of northern hemi- 
sphere (NH) and southern hemisphere (SH) ice 
volume through time. At 3.5 Ma, global ice vol- 
ume was dominated by an East Antarctic ice 
sheet about two-thirds its modem size, and sea 
level was -35 m higher than at present (11). 
Initial growth of significant NH ice sheets is re- 
corded by three isotopically heavy events in the 
global 6180 record at -2.6 Ma. Initiation of 100- 
ky Ice Age cyclicity in the NH ice sheets oc- 
curred at -1.2 Ma. Amplification of this cyclicity 
initiated at -0.6 Ma, resulting in glacial age sea- 
level drops of 120 m relative to present. (B and 
C) Phase plots displaying cross-spectral rela- 
tions between orbital variations and changes in 
climate tracers that occur over a given frequen- 
cy band. Each climate record is compared 
spectrally (61) with the La90 orbital solution (4) 
using a bandwidth of 0.008887 ky-I and a 500- 
ky window. The analysis window is stepped 
through the length of each record at 100-kytime 
steps beginning at 0.25 Ma. The result of each 
analysis (and the associated error) is plotted at 
the midpoint of the 500-ky window provided 
statistical significance exceeds the 80% CI. Re- 
sults where the CI is <80% are represented by a 
dashed line or are not plotted. Zero on they axes 
are set at maximum precession (-Precession; 
21 June perihelion) and maximum obliquity, 
both coinciding with maximum NH summer ra- 
diation. y axes, 0" to -360°, represent one pre- 
cession cycle [(B) 23 ky] and one obliquity cycle 
[(C) 41 ky]. Thus, each point, represented by an 
error bar, gives the phase of the maximum re- 
sponse of a climate index relative to orbital max- 
ima for a 500-ky interval of time. For example, 
the LGS data point (*) on the precession plot [(B) 
coordinates = -272", 2.75 Ma] indicates that 
LGS is coherent with orbital precession (>80% 
CI) and that LGS maxima occur -272" ? 10" 
(1 7.4 + 0.6 ky) after NH summer insolation max- 
ima for the 500-ky interval from 2.5 to 3.0 Ma. 
(D) The time series corresponding to this data 
point (*). Phase of the lithogenic % and flux 
records are identical; we show only the percent 
plot. The phase of the G. bulloides record before 
1.0 Ma (not plotted) is strongly influenced by 
dissolution and hence not interpreted as a mon- 
soon index before this time. The thin lines with- 
out error bars (B) reflect the scenario in which 
the Late Pliocene-Early Pleistocene phase of 8l8C 

that the growth of NH ice sheets over the 
past 3.5 mil l ion years weakens the Asian 
summer monsoon and increases the aridity 
of subtropical Asia and eastern Africa. 
These results are consistent wi th previous 
studies of the Late Pleistocene interval (23, 
26, 27, 30, 42-44). 

We used an iterative cross-spectral ap- 
proach to quantitatively evaluate time-de- 
pendent coherence and phase relations 
among climate indices. Coherence is a mea- 
sure of the linear correlation between two 
time series over a given frequency band 
when the phase difference i s  set to zero. 

Phase estimates for a given frequency band 
indicate temporal (lead and lag) relations 
between variables. Together, coherence 
and phase parameters allow one to infer 
physical relations among climate parame- 
ters. Because the direct insolation forcing 
associated wi th eccentricity i s  negligible, we 
concentrated o n  results from the obliquity 
and precession bands (45) (Fig. 4). 

Maxima in the continental ariditv 
records (lithogenic % and flux) are coherent 
and approximately in phase with glacial 
maxima (6180) over both the precession and 
obliquity bands (Fig. 4, B and C) (46). This 

1 is shifted by 180" relative to its Late Pleistocene value as discussed in the text. 
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result is consistent mith previous findings of 
a poslt~ve relation ;Inlong glac~al climates, 
ccintinental tiridit!, and atmospheric dust 
loailing (29, 30, 33, 34, 44, 47). 

Over the precessii~n band, the phase of 
the monhoon atrength indicators (opal and 
LGS) parallel one another but are consis- 
tently offset (Fig. 4B). We assumed that the 
phase of 1nonsoon maxima resides some- 
where het~veen the tm.0 ~ndicators, hut ei- 
ther one taken alone ;is the true indicator 
w0111d ~i i i t  change our conclusions. The  
phahe of hoth monsoon indicators in the 
precesicin b;md is nonstationary relative to 
m;lxim~lm glaciation (S1'O) and aridity 
(lithogenic 'K, and flux). The phaae of mon- 
soon masim,l (average of LGS and opal) 
evolve from 2 2 5 '  to - 140' at an average 
rate of 1' per 31 ky (Fig. 4B). Thia evolu- 
tion is ciiinciilent mith the Plii~-Pleistocene 
gromth of N H  ice sheets and the extent of 
glacial clilllates (Fig. 4A).  The  tlmlng of 
slope intlections in the phase plots of the 
monhiion indices provldes further evidence 
of a coupllng het~veen the growth of high- 
latitude ice volume and Aslan monsoon 
atrength. Inflections in the LGS and opal 
phase plots occur near 2.6, 1.2, and 0.6 Ma. 
These times ;11so mark the initiation of 
hignific'int N H  Ice gromth (-2.6 Ma), the 
initiation of 100-ky cyclicity ( -  1.2 Ma), 
and the amplification of the 100-ky Ice Age 
cycles (-0.6 Ma) (6-8). As N H  ice sheets 
and glacial climates expanded, the phase of 
miinhoon maxima shifted to~vard ice mini- 
111,1 (-90' In Fig. 4B). This phase evolution 
is consistent with general circulation model 
(GCM) sensitivity tests that indlcate weak- 
eneil Asian monsoons during tunes of max- 
illllrlll N H  glaciatii~n, although the exact 
proce5.e.; by which high-latitude ice sheets 
weakened the monsoon are not \veil estab- 
lished (48-50). The slope lnflectlon at 
- 1.7 Ma (Fig. 4B) 1s not associated with an 
c>hv~ous event In the ice-volume record, 
a l t h o ~ ~ g h  it is evident in the stable isotope 
record of African paleosols, which monitor 
large-scale changes In vegetation and mete- 
nrlc waters, and In records of African aridity 
(35,  51 ). These African records also record 
events near 2.6, 1.2, and 0.6 Ma, further 
.;~lpporting a link hetmeen high- and lo\\.- 
latitude climates. 

Over the obliquity band, the phases of 
the LGS and opal records are slrnilar to one 
another from 0 to -1.7 Ma. Before - 1.7 
Ma, the LGS is significantly offset from the 
opal record (Fig. 4C). The hirnodal dlstribu- 
tion of lithic grain sizes in some samples may 
indicate th,lt ;~niither mechanism, in addi- 
tion to summer-monsoon mind strength, 
contributes to LCS variations before 1.7 
Ma. Thus, In the interval before 1.7 Ma, we 
consiiler the opal record a more reliahle 
monsoon ind~cator mithin the obliquity 

band. As with the precession hand, the 
phase of the monsoon indices in the obliq- 
uity hand is nonstationary relative to max- 
imum glaciat~on (S1'O) and arldity (litho- 
genic % and flux). Here the phase of mon- 
soon maxlma evolves from - 100' to -0" at 
an average rate of l o  per 21 ky (Fig. 4C),  
paralleling the growth of glaclal climates as 
found for the nrecession hand. Relative to 
precession, the phase plots for the ohliqulty 
band are characterized bv stronger inflec- 
tions in slope and intervals of loi,er coher- 
ence [<80% conf~dence interval (CI)].  Re- 
duced coherence is conslatent with the low- 
to middle-latitude dolninance of preces- 
sional over ohliqlrity variance in the inso- 
lation forcing (5) .  Inflections in the obliq- 
uity phase plots of LGS and opal also occur 
near 2.6, 1.7, 1.2, and 0.6 Ma, although 
they are not as well resolved as in the 
precession plot. 

The ~ h a s e  relations discussed ahove are 
derived from indices generated from splits 
of the same samples. These relations are 
internal to the data set and are thus ~ n d e -  
pendent cif the assumption that the phase of 
6'" (ice volume) is constant relat~ve to 
the orbits. However, kno~vledge of the true 
phaae relatlon between a climate parameter 
and orbital forcing is critical to understand- 
ing the climatic response to orbital (insola- 
tlon) forcing. Our finding that the phase of 
the rnonsoon is not stationary relative to 
the phase of glaciation (S1%) indicates 
that the phase of one or both of these 
parameters 1s nonstationary relative to or- 
bital insolation forcing. 

Orbital phase relations: Stationary 
til'O ~ h a s e .  No direct evidence exlsts for a 
nonstationary phase relation between Plio- 
Pleistocene- ice volume (a slo~v-response 
system with large thermal inertia) and or- 
bital parameters. As such, one might assign 
all the nonstationar~ty to the monsoon sys- 
tem, a fast-response atmospheric-ocean sys- 
tem wlth comparatively little Inertla. The y 
axes in the phase plots of Fig. 4, B and C, 
reflect thls scenario (41) and suggest the 
follo\v~ng interpretations. For the preces- 
sion band, monsoon maxima (LGS, opal, 
and G .  bulloides) occur mlthln the h e m -  
cycle characterized hy rnlnlma in both N H  
summer insolation and SH winter ~nsola- 
tlon (-90" to 2 7 0 ' ;  shaded region in Fig. 
4B). If dlrect senslhle heating of the Aslan 
plateau \vere the dominant forcing mecha- 
nism, as suggested hy C C M  experiments 
(48-50), then rnonsoon maxima ~vould oc- 
cur in phase with or slightly after N H  sum- 
mer insolation maxima (hetween 0" and 
9 0 "  in Fig. 4B). T h ~ s  is clearlv not the 

L, . 
case; monsoon phase ranges betmeen 90' 
and 180' out of phase with N H  summer 
insolation maxima. Thia suggests ( i )  that 
the latent and senaible heat mechanisms are 

uncoupled and (ii) that latent heat maxima 
are associated mith S H  inaolation rninirna 
during Austral \\.inter (-180" In Fig. 4B). 
These inferences are consistent with mon- 
soon dynamics at the annual and Interan- 
nual scale (1 3 ,  17, 18) and with previous 
Late Pleistocene results (23). 

In the obliquity; band, monsoon maxima 
(opal and LGS) occur mithin the hemicycle 
characterized hy hot11 N H  summer insola- 
tion maxima and S H  ~vinter insolation min- 
ima (-270" to 9 0 ' ;  shaded reglon in Flg. 
4C).  Consistent with our interpretation for 
precession, this hemicycle is characterized 
by maxima in latent heat forcing (associat- 
ed with insolation rninirna during SH win- 
ter) and sensible heat forcing (associated 
\vith insolation maxima during N H  sum- 
mer). Thua the sensible and latent heat 
si)urces Lvork synchronously to influence 
the timing of strong monsoons mithin the 
obliquity band. 

For this scenario, the rlonst;~tionary 
phase of the monsoon stems from its re- 
sponse to both external and internal forcing 
mechanisms including ( i )  latent and sensl- 
ble heating over Asia, fast-response varl- 
ables that are phase-locked to the orhits 
before the initiation of N H  glaciation, and 
(ii) the long-term increase in N H  ice vol- 
ume, a slow-response variable internal to 
the climate system. Before significant N H  
glaciation, monsoon maxima ~vould pre- 
sumably be in phaae mith or slightly lag 
maximum latent or sensible heating, or 
both (by <90° for a linear response system). 
For precession this value ~vould lie between 
-180" and 2 7 0 '  (Fig. 4B) and for i~bliq- 
i~ity, between 0' and -90" (Fig. 4C). The 
development of N H  glaciation weakens the 
monsoon at these eq~~ilibrium phases, forc- 
ing rnonsoon maxima earller and earlier in 
the precession and obliquity cycles. Several 
G C M  studies have indicated that large- 
scale vegetation change can significantly 
affect the cllmate response to orbital forcing 
(52-54). Thua, one means of weakening the 
rnonsoon could be through increased albedo 
of the Tihetan Plateau as a function of 
vegetation response to increaslng glac~al 
conditions. 

Orbital phase relations: Nonstationary 
til'O phase. The observations and interpre- 
tatlons based on holding the phase of S1'O 
constant through time are consistent ( i )  
mith modern meteori)logical dynamics In 
terms of latent and senaible heat .;ources 
and (ii) with decreased monsoon atrength 
during more glacial climates as suggested by 
C C M  results and ohserved in time series 
relations (Fig. 3 ) .  However, in the absence 
of significant N H  glaciation, GCM results 
suggest that monsoon masim;r should re- 
spond dlrectly to N H  summer ~nso la t~on .  In 
addltlon, glohal ice volume hefore 2.6 Ma 
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was largely restricted to Antarctica. As 
such, the ice-volume response to insolation 
is presumably related to melting during 
warm SH summers. For the precession 
band, this interpretation would suggest a 
6180 phase that is 180" different from its 
Late Pleistocene value. Incorporating this 
phase into the astronomical tuning would 
require shifting all the Late Pliocene-Early 
Pleistocene phase values by 180' (thin lines 
in Fig. 4B; timing of the 180" shift is com- 
pletely arbitrary). In this scenario, interpre- 
tation of the response to external and in- 
ternal forcing within the Late Pliocene- 
Early Ple!stocene would be considerably dif- 
ferent. Within this interval, monsoon 
maxima lag NH sumrner insolation ~llaxima 
by <90°, a phase relation that is more 
consistent mith GCM results. This interpre- 
tation is also broadly consistent with that of 
JeMenocal and co-workers, who t ~ ~ n e d  
maxima in monsoon indices directly to 
rnaxirna in NH summer insolation betmeen 
5.5 and 5.9 Ma. assumine direct insolation 
forcing of Asian monsoon strength before 
2.8 Ma (35. 44). 

For the Late Pleistocene portlon of the 
record (-1 2 to' 0 Ma), where the phase of 
S1'O relative to orbital forc~ng is well es- 
tabl~shed, our results tndicate that monsoon 
maxima are not a direct response to NH 
sumrner insolation within the precession 
band, suggesting a strong sensitivity to the 
extent of glacial conditions and latent heat- 
ing (23). However, for the Late Pliocene- 
Early Pleistocene interval, a range of plau- 
sible scenarios can be considered depending 
on whether or not the phase of S1'O is 
stationarv relative to orbital forcine. The 
nonstationary response of the monsoon rel- 
ative to elaciation and the notential shift tn 
S1'O phase relative to precession carry im- 
plications regarding our capacity to under- 
stand the climate response to external forc- 
ine on a much broader scale. 

Implications for astronomical chrono- 
stratigraphy. The expanston of Late Pleis- 
tocene tce sheets produces climate change 
on a global scale. Thus, climate variables 
other than the monsoon mav also exhibit 
nonstationary phase relations over the past 
several million vears. This inference has 
important implications for astronomical 
chronostratigraphy. In this approach, one 
can date a sedimentary section by directly 
aligning (or tuning) orbital-scale variations 
in parameters such as gamma-ray attenua- 
tion porosity estimates (GRAPE), magnetic 
susceptibility, or reflectance data with vari- 
ations in orbital precession, obliquity, or 
insolation. Parameters such as GRAPE are 
used because measurements are automated, 
producing fast, cost-effective, and highly 
resolved records. The phase of these vari- 
ables relative to the orbits is set at the 

measured Late Pleistocene value (when 
S1'O control is available) and often held 
constant [for example, (55)l. Indeed, this 
procedure has been used to revise radiomet- 
ric dates for the geomagnetic polarity time 
scale by up to several hundred thousand 
years (55). However, to understand the cli- 
mate response to orbital forcing, one must 
establish the phase of climate indices rela- 
tive to precession and obliquity to within a 
few thousand years. If the climate index 
chosen for tuning at a specific site is non- 
stationary in phase, the tuning process de- 
scribed above will remove the nonstation- 
ary component, producing an inaccurate 
phase relative to the orbits and relative to 
climate records from other regions. This 
undetected nonstationary phase m.ill result 
in an inaccurate interpretation of the cli- 
mate-system physics. Thus, tuning param- 
eters must be directly compared to S180 tc 
document stationarity or to compensate 
for nonstationary phase relations. This 
procedure 15 ill enable reliable comnarison 
of phase relations among variables from 
globally distributed sites (the 6180 stratig- 
raphy is globally correlative). However, 
until the phase relation between S180 and 
orbital parameters is established prior to 
the Late Pleistocene, the physics of the 
climate response to orbital forcing will 
remain unresolved. 
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mouse cell line (5-7). StructureoftheMDM2Oncoprotein p53canbindtospecificDNAsequenc- 
es (8) and activate gene expression (9) ,  Bound to the p53 Tumor Suppressor and this activity ~ 5 3  is likely to be 
central to its growth and suppressing ef- 

Transactivation Domain fects defective because in DNA tumor-derived binding (8-10). mutants In nor- are 

Paul H. ~uss ie ,  Svetlana Gorina, Vincent Marechal, 
Brian Elenbaas, Jacque Moreau, Arnold J. Levine, 

Nikola P. Pavletich* 

The MDM2 ohcoprotein is a cellular inhibitor of the p53 tumor suppressor in that it can 
bind the transactivation domain of p53 and downregulate its ability to activate tran- 
scription. In certain cancers, MDM2 amplification is a common event and contributes to 
the inactivation of p53. The crystal structure of the 109-residue amino-terminal domain 
of MDM2 bound to a 15-residue transactivation domain peptide of p53 revealed that 
MDM2 has a deep hydrophobic cleft on which the p53 peptide binds as an amphipathic 
a helix. The interface relies on the steric complementarity between the MDM2 cleft and 
the hydrophobic face of the p53 a helix and, in particular, on a triad of p53 amino 
acids-PheiQ, Trpz3, and Leuz6-which insert deep into the MDM2 cleft. These same p53 
residues are also involved in transactivation, supporting the hypothesis that MDM2 
inactivates p53 by concealing its transactivation domain. The structure also suggests 
that the amphipathic a helix may be a common structural motif in the binding of a diverse 
family of transactivation factors to the TATA-binding protein-associated factors. 

T h e  p53 tumor suppressor helps maintain by the binding of the cellular MDM2 on- 
the genomic integrity of the cell as it coprotein, which was originally identified 
coordinates the cellular response to DNA as an amplified gene in a transformed 
damage bv inducine cell cvcle arrest (1 ) or 

u ,  ~, 

apoptosis (2 ,  3). xccordingly, inactiva- 
tion of p53 is one of the most common 
events in neoplastic transformation. In 
about half of all cancer cases, p53 is inac- 
tivated by mutations and other genomic 
alterations (4), and in many of the re- 
maining cases it is functionally inactivated 
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ma1 cells, MDM2 and p53 form a negative 
feedback loop that helps to limit the 
growth-suppressing activity of p53 (1 1 ). In 
response to DNA damage, which leads to 
an increase in p53 ( I ) ,  p53 can activate 
expression of the MDM2 gene ( 1  1). The 
MDM2 protein, in turn, can bind the 
transactivation domain of ~ 5 3 ,  inhibiting & .  - 
further p53 activity as a transcription fac- 
tor (6,  1 1 ,  12). Deletion of MDM2 is 
lethal to mouse embryos, but transgenic 
mice lacking both MDM2 and p53 are 
viable ( 1  3),  suggesting that the downregu- 
lation of the growth-suppressing effects of 
p53 is a key activity of MDM2. 

In tumors, gene amplifications and other 
alterations can result in elevated MDM2 
and lead to the constitutive inhibition of 
p53. Amplification of MDM2 has been ob- 
served in more than one-third of soft tissue 
sarcomas (7, 14) and, less often, in other 
cancers, including glioblastomas (15), leu- 
kemias (1 6), esophageal carcinomas (1 7), 
and breast carcinomas (1 8). Tumors harbor- 

d'Embryologie, 75251, Paris, France. Fig. 1. MIR electron density map of theX, Iaevis MDM2-p53 interface at 3.0 A resolution, contoured at 
*To whom correspondence should be addressed, E-mail: 1 .O cr, with the refined 2.3 A resolution atomic model in a stick representation. Stereo view focuses On 
nikolaQxray2,mskcc.org the interactions of Phelg, TrpZ3, and Leu26 of p53 (labeled) with the 012 helix of MDM2. 
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