
ot  sl1c11 a structure is responsible tor the flrst 
discontinultp o n  the simulated Hugonlot 
(1 ). \&'it11 respect to the following analys~s, it 
is not essential what esactlv occurred-re- 
crysta1ll:ation or melting. Structures in both 
cases can be inLiistlneuishahle (5,  6) .  T h e  
important pomt 1s that this 1s ilefinltely not 
a solid-solid tral~sitlon, and there 1s a discon- 
tlnuitv o n  tlie Huooniot. 

4) '111 my repol;' ( I ) ,  I state that calcula- 
tions have heen checked by d o u b l m ~  the sl:e 
of the  cross section, and n o  slgnlficant 
changes of results \Yere observed. Because 
the deuendence of the reslllts an the number 
of ( in  this case, 011 the nulnber of 
unit cells in the x and y ilirectloris) is asymp- 
totic ( the  results iio not change after esceed- 
ing some sufficiently large nuliher),  it is 
clear that ~f I did not see any chanees of the  

d 

results n-hen doulilir~g the size from five to 
ten unlt cells, then the results \voulii not 
change 1~1th further mcrease ~n size. T h e  
Lmdemann ( 7 )  crlteria for lueltillg is a first 
aonroslmation, and tor Ar  it is a eood one 

continuities in Fe ( 1  1 ) .  T h e  correspo~lding 
fiqures sho~vlng discontinuities 111 curves of 
velocities of rarefaction waves in A r  ( 1  ) and 
in Fe (1 1 ) are similar (1  2) .  This comparison 

s ~ p p o r t s  In\- original conclusion ( 1  ) .  
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(8). X'Ieau square iiisplc~ce1ne~1t of atoms [this 1 n%ertropica[ Latitudes and Precessional and 
is n.ithin the Lllldelnalnl criteria; see (9) for 
detalls] depends on the numher of unit cells Half-Prece~iona% Cycle% 
in a computational cell of cubic shape (Flg. 
1 ) .  Tell cells are more than enough for ob- 
tailling relialile results. Duhrovlnsk>-'s reter- 
ence (reference 13 in tlie ~ ( i ~ n n i e l l t )  to the 
data, without provldlng details, is not con- 
\-incing because propertiez of small particles 
could be different from bulk properties for 
several reasons (tor esample, the structure o i  
aLliorhate is that o t  the adsorbent). 

5)  T h e  calculated melting temperature 
from the Hugonlot ( that  IS, one  of the 
points o n  rhe liquid Hugonlot) is ~n agree- 
ment  n-it11 esperlments and calculations, 
and Dubrov~nsky I> not correct on this 
point. Ross (1 C, table 5)  gives T = 4235 K 
at  P = 22.53 GPa as a poilit o n  the  llquid 
lirancli of the Ar  Hugoniot. This is the 
highest pressure within the  range of my 
calculations. Figure 2A in my report gives T 
= 37PL1 I< at the  same P. Therefore, the  
Jifterence is alwut 52i? to 6L?P K, n-hich is 
detillitely less than "at least 2L1L1P K1' and 
can be accounteii for hi- ilifferellt ~ote l l t ia ls  
and methoLis useii in the calculat~ons. 

6 )  Argon and iron are, of course, dlifer- 
ent  substances. In my retlort. I reasoneil 
that if t ~ v o  discontinuities o n  tlie A r  H q o -  
mot  ( 1 )  do not require an  assulnption about 
solid-solid transition, it 1s not  necessary to 
presume that the t\vo ~i~scontinuities ori the 
Fe Huponiot i 11 ) are the result o t  a sol~il- u 

solid trans~tion. Tn-o discont~nu~t ies  call e s -  
ist n-~thol l t  a solid-solid >tructural tralliitioll 
of the  material, in accord with the  theory of 
shock waves in >ol~ds .  In  addltlon, mp sun- 
ulations (1 ) shelved the approximate s i x  o i  
discontinuities one could expect in As, 
nh ich  n.as comparable with the  sire of dis- 

A, h'lcInt1-re and B. Xlolfino. in  their re- 
port ahout the  forcing of At lant ic  equato- 
rial dlld subpolar mlllenllial cycles by pre- 
cession, suggest that  cllmatlc changes ln 
high polar latitudes (1vl11c11 are related to  
Hemrich iceberg surges) map he caused hu 
e\.ents that  occur in low latitudes (1 ). This 
suggestion is based partly o n  a quasi cycle 
o i  about 84PP calendar years tha t  they 
found in  the  relat1r.e abundance o i  a trop- 
lcal lnarlne algae and that  they relate to  
precessLon. Our  comment  is about their 
attempt to  give this period a n  astronomi- 
cal orlgin. ( 1 ,  p.  1869) .  

1)  In the intertropical :one, the sun pass- 
es directly o\rerhead twice in a year a t  each 
latitude, hut this does not lrnply that "[o]\-er 
one precesslollal cycle, thls produces t a o  
intervals during which perihelion 1s coinci- 
dent n-ith the solstice in Northern Hemi- 
sphere s~unmer," as stated h\ LlcIntyre and 
Molfino (1,  p. 1869). By deflnltion of the 
precessional cycle, perillellon can coincide 
onlv once \\.it11 the Northern Hemisphere 
summer solstice during one cycle. \;YThat pro- 
duces lialf a precession cycle in the tropics 
can only be explained if n-e accept the prop- 
osition that,  in the troplcs, the climate 1s 
responding principally to  the largest maul- 
mum of insolation, independently of the  
date it occurs during the year. A t  the equa- 
tor, tor example, the sun passes overheail at 
both equmoses. T h e  er-olutlon of the daily 
~nsolation at the equator at the spring and 
autumn equinoxes can be graphed (Fig. 1). 
This insolation 1s glr-en hp [see formula 3P In 
(211 

\Ti7;i,yL::,, equinox = - 

\\.here K\s the  ~nsolation: S is the  absolute 
solar constant, estimated at a distance equal 
to the se~n i~na io r  axis of the  Earth orhlt 
around the  sun; e the  eccentricity; and Q 
the so-called longitude of the perihelion (61 
= L1 a-hen the  spring equlnox occurs a t  the  
perihelion; cj 1s currently equal to ,282'). 

These lnsolations do not  depend a t  all 
o n  obliquity. Their spectrum 1s dominated 
by precession [about 23- and 19-kyr (thou- 
sand-year) periods], but dlsplays also, with 
much less power, half-precessional perlods 
(1  1.5 and 9.5 kyr), eccentricity perlods, and 
combination tones. T o  a good approx~ma- 
tlon, equation (1 )  can he wrltten 

Equation 2 shows also that,  with a n  excel- 
lent approximation, 

S 
L ~ F ~ ~ I - L ~  - (,I + ecoscjj  (3 )  

77 

anii therefore that the insolations at spring 
and autumn equinoxes are out of phase hy 
half a precession cycle. Selectmg for each 
date of the  past, the largest of the two 
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values, leads to  a curve (Fig. 2) that is 
dominated 'v halt-precessional cycles. 

This result conceptually relliallls valid 
for ~ n t e r t r o ~ i c a l  latitudes ch : - E  I 6 5 E. 

although it is then slightly more compllcat- 
ed because o i  the  aclditlonal role pla-\-ed 1.1- 

& ,  

ohl iqul t~  outside the equator. 
2) Lye agree that the  primary compo- 

nents 111 the  tropics are the precessional 
periods. But this holds also for high polar 
latitudes (excent tor those ~ ~ r i r v  close to , L 

where the polar night occurs [see iigures 
10B and 14B in (2)J.  

h'loreover, the periods of the rn.o largest 
amplitude terms in the trlgonometrical ex- 
pansion o i  climatic precessLon are 23,i16 
arid 22,428 years ( 3 ) ,  nh lch  a\-erage 
(weighted or not)  is a l~out  23,120, not 
22,220 >-ears, as considered by h'lcIntyre and 
Llolfino (1 ) with a first harlllonlc of 11,550 
vears, not 11,220 vears. 22,090 years 1s much 
Inore related to the average period of the 
precessio~lal parameter itself than to its spec- 
tral components. This perioil is not stable in 
time and, over the last 69 kyr. we observe its 
progressive shortening (Fig. 3) : the nllllirua 
of the clilnatic precession occur a t  -61, 
-33. -12, and + 9  kyr, respectively, n-hich 
leads to  periods that are 28. 21, and 21 kyr 
long, respectivel\-; if n-e consicier the inter- 
iiistances Petween inaxinla i~vhich occur at 
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46~1 ---Autumn equlnox I /  I- 

"', ,' : ; I 

- 
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Fig. 1. Long-;ern- ?lara;on of trie d a y  insoatron 
a; the sprng and autul-iin equnoxes at ;he equa- 
TO:, I00 ky: BP to 100 kyr AP 13;. 

Time (kyr) 

Fig. 2. Long-;erm variation, I00 kyr BP to 100 kyr 
AP of the argest of ;he ;):iio \values of ;"l daily 
nsoa;on at ;he sprng and au;un-n eqLrnoxes at 
the equator .3;; see as3 I@). 

-47, -22, - 1, and - 18 kvr), 11-e arril-e at 
25, 21, and 19 kyr. 

O n e  reason for thls result is the  rather 
particular b e h a ~ l o u r  of eccentricity as quot- 
ed 1.y the authors [see also (4)]. T h e  lliininla 
o i  2 occur at -158, -45, and "27 kvr. 
leading to  a length o t  the perioii equal to 
113 and i 2  kyr; the  maxima occur at - 1 15, 
- 14, and 87 kyr, leading to  tnro periods of 
191 kvr (Fig. 3 ) .  Asymmetry, damping, and 
associateel shorteninii o i  the eccentricltv cr-- 
cle are therefore ~mpor tan t  because they 
irifluerice signiiicantly the  length of the 
precessional cycle. It  22 kyr is important in 
the finding of h'lcIntyre anil h'lolfino ( 1  ), 
a-e \voul;i suFgest that it correslicinils to a n  
average value o i  the  precessional cycle over 
the  last 45 kyr. 

This result is not  ~v i t l lo l~ t  halrlng con- 
~ e q ~ l e n c e s  o n  the  spectral colnpollents of 
arecesslon themselves. T h e  eccentricitv 
cycle and all t he  spectral compollrllts o i  
eccentricity are obtained as conlbiilatiolls 
of the  precession frequencies. For exam- 
ple, \\-e see (5, p. 638)  that  the  secollcl 
perloid of 2 (94,945 years) conies from t h e  
periods o i  terms 3 and 1 of the  expansion 
of precession: 

If w:e collsiiier the shortening of the  eccen- 
tricit\- and precession c\-cles over the  period 
between roughly 100 kyr BP and 30 kvr AP,  
u7e ma\- give an  astronoilllcai interpretation 
to  the  adc1iti1.e combination tone calculated 
1.)- h ~ l c I n t ~ r e  and h'li>lfino. B>- calc~llati~lg 
(1172 + 1/22 = 1116.85) they tentatively 
compute one of the  spectral component of 
psecession (16,859 years), provided it is as- 
s ~ ~ t n e i l  that 72 k \ ~  is the  eccelltricity periocl 
and 22 kl-r is the other spectral coillponellt 
i>f precess io~~.  

This result might he tested by anal\-sing 
the  spectra of precession and eccentricit\- 
over the  last 120 kyr. A l t h o ~ ~ g h  it is not 
easy to  compute accurately a hich-resolu- 
tion spectrum from limitecl h a ,  we per- 
forilled a moving maximum entropy spec- 

tral analysls [for example, (6)J  from 120 kyr 
EP to 100 kyr A P  rvith a \v~ndo\v of 60 kyr 
mo\-ing hy steps of 5 kyr. For the  whole 209- 
liyr period, rhe rliam precessional peaks 
were found at 24.86, 2 1 . l i  and 18.45 liyr 
(01-er the  last 1 hfvr thev are 23. i1 ,  22.41, 
and 18.98). From the  rno\.ing spectrum 
anal\-his, we see a progressive Liecrease of the 
lnain perlod from 25.36 liyr hetneen 75 and 
15 k\-r BP to  18.45 liyr het~veen 15 kyr BP 
ancl 45 liyr L4P, tvitll 21.96 k\-r found be- 
tn-een 45 liyr EP and 15 kyr XP.  For all 
these spectra, the multitaper method hy 
Thornson ( 7 )  gives only one signiiicant 
peak. B L L ~  because o i  the collsiilerahle short- 
enlng and darnping of the  eccentricity cycle 
and the  exceptional low value of eccentric- 
ity non. and over the  next 52 liyr, this 
method sho~vs clearly t n o  peaks for the  five 
sub-intervals fro111 (19  kyr BP to 52 kyr A P )  
to (10 liyr A P  to 79 liyr L4P) .  These spectral 
peaks are ( 2 9 . i  and 17.5 ki-r), (31.15 and 
17.4 kyr). ( 3  1.63 anil 17.39 liyr), (39.68 anil 
17.47 kyr), and (28.35 and 18.41 kyr), re- 
spectively. T h e  negatir7e coillhil~ation tones 
l e a d i ~ ~ g  to the  eccentricity cycle, as in equa- 
tion (5 ) ,  are, in these cases, 41.6, 39.4, 38.6, 
40.6, anil 52.5 kyr, respectively, vr-hich ex- 
presses a considerable shortening of the  ec- 
centricity cycle. 

A l t h o ~ ~ ~ h  these results do  not  give anv 
information about the hipartitioil of the 
precesslo~lal period over the perloii of inter- 
est by XlcIntyre and h'lolfino ( the  last 49 
l q r ) ,  they tend to coilfir~ll that the  additive 
c o m l ~ ~ n a t i o i ~  tone thev calculated mav he 
related to the  spectral components of pre- 
cessio~l that noulil, therefore, confirm their 
proposal that 8.43 kyr is related to preces- 
sion ( 1 ) .  

However. the instabilitv of the  LTreces- 
sioil spectrum anil the  difficulty to compute 
it numericallv over t\vo ~3recession cycles 
point to Inore work to  be done. If the 
ecce~ltricity cycle is larger than assumeil by 
hlcIntyre and Molfi~lo over the period of 
interest (let  us assuille 85 kyr ~nstead of 71 
kvr-what our data tend to slho\v), such a 
length of 85 kyr and a spectral precessLon 
component of 16.85 kyr would lead to 1 1  

Fig. 3. Long-tern \ a r ~ a ~ ~ o n  006 - - - - -- 
or eccenirc~;) cIrra;c pr e- :: Eccentr~c'ty ( e )  

cesslon a rd  013Iqu1i) )e- o os 
tvfeen I C3 kyr BP and 13C 
k i r  AP See the da?ip~ng ooo- --- - - - -  - - 0 06 

and shorienrng of the c i c  e Cl~matic precesson (e  sln a) 

o- eccentc1clti and oreces- 
slon bemeen now and 5C 
kyc AP 13 9) 9 3 - p -  - - - - -- - c 06 

Obllqulty (E) 

22 - - -- -- -- - 

100 80 60 4C 2C 0 20 40 60 80 ICC 

(kyr AP) T~me (kyr BP) 



kjr  for the otht.1. comp~)~len t  of precession: 

If. ~ I I  the other 11211d. n.e assume that one 
component i r  2 2  iiyr (as c11J XlcIntyre and 
Llolfino) and allo~vs for a larger eccentr~city 
cycle. \\-e are left 13-it11 an additire comhi- 
nation tone that is lollger than 16.55 kyr 
(17.4s kvr): 

and leads to 5.74 kvr for the first harmonic. 
n ~ t  S.43 kvr. \\-hich n-as stressed 2s impor- 
tant. But is thar ditterellce reall\- significant? 
,4 sensitivitJ- anal\-51s give5 a half-tone rang- 
~ n g  hetn-een 9.3 anLl 8.1 k7r. W ~ t h i n  the 
range of ul-icertaint~- in the data, can we 
cnilsider that these values are significantly 
iiii'ferent from 5.43 1;J-rl \X7e n-oulJ euess not. 

But bi.cau.e, according to our &ta, the 
length of the precession cycle call hardly he 
less than 19 kvr. 15.85 kl-r has to be con- 
sidered a, a bpecrral ii~m'onel-it of preces- 
SIOII, the other one hellin of the order of 21 
k y .  T h ~ s  i1nylii.s that one big pri)hlem re- 
mC3ins: R'hy n.oulLl this perio,l of 'recession, 
n hich Joes 11nt anpear ti3 he the inost i111- 

L ,  

portant I" spectral analysis of precession, 
play such ail ~mporral-it role 111 the ili~ilare 
ot the last 43 kyr.' 
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Resj~onst.: LY'e agree nit11 Reryer and 
Lourre's first remark. R'e made a nlistake 
( I ,  p. 1896, coluinn 2, lines 14-17) in 
transferring the concept from a paper by 
Short t.t al. (2 ,  pp. 159-172). \X7e should 
11al.e used a Jirecr quote. 

LYJe are pleased that Berger and 
Loutre's colnputatiolls i ~ l d ~ c a t e  that our 
documentat~on,  in the equatorial L4tlantic 
paleoceanographic record, of 112 of a corn- 
Pination tone, 8.4 kyr, of eccentricity and 
precessloll may be valid. One  approach to 
proviny valiillty of this atyplcal period 
\ \ - o ~ ~ l d  Pe to esanlille older intervals of 
time that are forced by essentially the 
same orbital yeometry. 

The comment hy Beryer and Loutre ani1 
our report both illJlcate that modern msola- 
tion-forced clinlate is iniluenceJ by rhythms 
that differ in period from the primary periods 
of precession. Accurate precllctioll of future 
cllmate change on nlillennial scales lnav re- 
quire use of these atyplcal harmonics. X 
point maile in our report, hut not addressed 
in the comment, is thar the ~erceived  is- 
dom of high-latitude, Northern Henlisphere 
col-irrol of climate at ~nillennial scales ma\- in 
6acr be low-latitude modulated. 

Andrew McIntyre 
Latnont-Dohen? Earth O b s e ~ t a t o r y  . 

Colutnbia University, 
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