
in temperature hecause of adiahatlc com- 
pression and expansion, nh lch  result in 
\varmlng iiuring descent anii cooll~lg during 
ascent, respecti~rely. Evidence for challges 
in the pattern of the mean lneriillollal cir- 
culatiiin call he seen hy comparing the tem- 
perature changes (Fig. 3 C )  with the posi- 
tions of the ascellding and Jescending air in 
the control run (shacllng in Fig. 3A).  In the 
middle troposphere, the coo1111g near 4C0S 
1s caused 17y the south\vard departure of the 
iiesce~liii~lg portlon o t  the Haiile\- cell, x l d  
the warming arouncl 55"s is a result o t  both 
the arrlval into thls reglon of the  iiescenii- 
111g air anii the s o u t h ~ a r d  movement o t  the 
ascenii~ng portlon of the Ferrel cell. T h e  
latter then causes the extra coolillg see11 
near 7C0S. 

From these results, it is e ~ ~ i d e n t  that the  
vertical protiles of temperature change 
vary strongly with geographical position. 
Tlie LvL ( 2 )  raciiosonde data have also ~, 

shown (tor the  boreal summer) increases 
a t  solar maximum 111 tropospheric temper- 
ature a t  low and mici-latitudes hut decreas- 
es a t  siirne hlgli-latituiie stations. T h e  tem- 
perature challges estimateii by LvL ( 3 )  for 
Llhue, Ha~va l i  (32"N, 159"V;I), averaged 
over November-Decemher anLi January- 
February 17et1veen estrenles of the  three 
solar cycles occurring between 1959 and 
1994 were c o ~ n p a r e J  1vlt11 those calculated 
tor a near position (30°N,  145"W) 111 Jan-  
uary in tlie present work (Flg. 4 ) .  Relatlve 
to the  o17servational iiata, the  model Lxo- 
flle has a very similar structure I ~ u t  is 
smaller in rnaenltude. Gi\.en that  the  
model has flxed sea surface temperatures 
(such that  the  extra solar energy reaching 
the  surface is "lost") anti that the  specified 
ozone changes may be too low (15) )  a n  
~lllderestunate o t  the  solar ettects is not  
surprising. T h e  only other statLon tor 
w h ~ c h  LvL show iiata tor the  boreal winter 
is Trult Island (7 .S0N,  152"E); a t  this slte, 
t he  observations in the  t r o ~ o s u h e r e  

L L 

shelved I ~ L I C ~  smaller changes 111 response 
to  the  solar cycle, and the  model results 
lllteivise are not  slgnlficantly cllftere~lt 
from :em. 111 the  stratospliere, 170th the  
ohservatlons and the    nod el s h o ~ v  nlore 
warllllllg than a t  Lihne. [LvL (3) also con- 
cluded that  the  shape of the  temperature 
change profiles is co~lsistellt 1 ~ 1 t h  changes 
111 vertical motion.1 

T h e  model results suggest that  increas- 
es in stratospheric temperature in response 
to ellhallceii solar ~rraii iance result In 
stronger summer easterly winds, which 
penetrate into the  troylcal upper tropo- 
spllere anti force tropospheric circulation 
patterns pole\\-ard. T h e  ~noi ie l  sho\vs 
changes in temperature, :anal ~ v i n d ,  anii 
storm track oositlon that  are similar to. 
although generally slnaller tllan, those 01.- 
served. T h e  solar-induced Increase in 

stratospheric c o n e  is ~rnportant  in deter- 
in i~l lng the  change 111 lolver stratospheric 
temperatures and thus the  suhseiluent cll- 
mate respome. There  is n o  quasi-hie~lnial 
oscillation ( Q R O )  in  the  rnociel (111 etfect, 
~t 1s permanently In the  easterly phase); 
hence, the  claim by LvL that  the  QBO 
p laysa  role in  modulating the  lnlpact of 
solar varlahillty o n  the  lvinter lo\ver 
stratosphere callnot be tested. Howel~er ,  lt 
the  strenet11 o t  the  zonal a in i i  in the  
tropical loner  stratosphere plays a n  impor- 
tant  role in trallsinittille the  solar effects 
trom stratosphere to troposphere, as sug- 
gested hy the  present results, t hen  ~t is 
clear that  modulation by the  QRO is proh- 
ahle. T h e  results of the  lnodel also imr.1~. 

L ,  

that  c h a ~ ~ g e s  in stratospheric oziine 
brought ahout hy any other lllealls inay 
have a n  impact o n  troyosplierlc cllmate. 
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Universality Classes of Optimal 
Channel Networks 

Amos Maritan, Francesca Colaiori, Alessandro Flammini, 
Marek Cieplak, Jayanth R. Banavar* 

Energy minimization of both homogeneous and heterogeneous river networks shows that, 
over a range of parameter values, there are only three d~stinct universality classes. The 
exponents for all three classes of behavior are calculated. 

R i v e r  net\vorks reflect kactal properties ill 
a power la\\ d is t r l l~ut~on of various quanti- 
ties ( 1  ). T h e  str~lilng generality o t  Horton's 
lan- o t  stream numbers 12) motlvateii 
Shreye (3 )  to suggest that channel net- 
\vorks i ie~eloped in the absence of geologic 
controls are esse~ltlally topologically ran- 
iiom. Key-ertheless, nollra~ldoln river net- 
~vorlis have bee11 consistently observed. 
Their existence has prompted tlie Jevelop- 
ment of models ( 2 ,  4, 5) of drainage net- 

A Ivlar~tan, F. Co 'aor~,  A. F ' a l ~ n n  s t ~ t ~ ~ t o  Nazonae dl 
Fsca  dela Matera, Internatonal School for Ad>!anced 
St~ ldes,  34C'i G*~gtiano d l  Trieste and sezone NFN dl 
Tr~este, Itah 

work o p t ~ m ~ z a t i o n  based o n  the concept of 
energy m~nimi :a t io~~  and optimal chai l~le l  
netaorlis (OCNs)  (6. 7). Computer simu- 
latlolls o t  homogeneous O C N s  (6 )  have 
resulted 111 optimal networks \vlth a striking 
similarity to those ohserved in nature. 
These results have ralseil the i lues t io~~  as to 
\vhether some form of global energy mini- 
mization ulliierlies the existence of fractal 
structures. Here,  nre solve the O C K  tor a 
range of parameters for lloth homogeneous 
; ~ n d  heterogeneous b a s i ~ ~ s .  .4lthough we do 
obtain fractals, our exact results tc~r the 
power law exponents do not agree with 
elther the observational data or the com- 

Ivl. Cepak,  I ns t t~~ te  of Physics P o s h  Acacleny of S c  puter simLllatiolls, TIle disagreement he. 
ences C2-668 IWarsas;,, Poland. 
J, R,  3anabar DecarilTelt of Physics and Center fo,. tu.een the results of our analytic solution 
Ivlater~als Phbs~cs The Pennsvl!!ania State Un~\vers~t',j, anii the cilmputer simulations (6 )  is a result 
1C4 Dabw Laboratory CInberstY Park, PA 16802 USA of [Ile i;lct that  tlie latter \vere ollly a171e to 
=To ~ h o r r  corresl:ondence sho~~l r l  be addressed access a set of local lninirna (wlilch depend- 



ed o n  the  initial coniiltlons and the dynam- 
ics used) aliii not the true elohal m i ~ ~ i r n u m .  

In computer moLlels, the rlver netivorli is 
Liefilled as a spanning, loopless tree o n  a 
two-dlmens~onal lattlce of linear s i x  L with 
one global outlet. Each slte of the lattice 
has esact1~- one outlet l~oni i  to one of its 
nearest nelghhors. There are no restrictions 
011 the numher of l~olliis into a site. T h e  
area s, associateii with any hol l~l  i is 

where the  s u n  1s 01-er each lmni? j that 
inputs into I ,  and the ralllfall R, (precipita- 
t ion) (8) at the ith bond is commonly as- 
sumeii to he ~ncierende~l t  of i and eoual to 1. 
Then ,  s, is equal to the  lumber of sites 
ulxtreain of i connected by the netivork. 
T h e  O C K  1s ohtained hy choosing the net- 
ivork that rnin~mi:es the  energy i ~ ~ n c t i o n a l  

where ?xr is the  total nuinher of honiis, i; is 
a quantity (assumeLl to he ine4ependent of i 
and eoual to 1 without loss of eeneralltu for 
a homogeneous basin) related to soil 17rop- 
erties sucli as the eroLlil~il~t\-, and y is an  
exponent that characterizes the physics of 
the erosional process. T h e  quantlt\- i;,sy, a 
measure of the  potential energy LlissiCated 
in the ith l ~ o n d ,  is a ~ r o i i u c t  of the water 
ilow and the elevation difference alone the 
1>011ii ill the associated laniiscape: the water 
flow 1s ~3rouortio1lal to s ,  a~ l i i  the ele\.atinn 

k L 

differe~lce is assumed to  have an  empirical 
relationship with s, giy7e1l hy s';'-' (4) .  

Here 11-e h o w  that  homogeneous hasli~s 
nit11 '15 -' y -' 1 tall into two universality 
classes: the  ScheiLlegger class ( 9 )  for y = 1 
and mean-field-like behavlor ( I ? )  for !i 
5 y < 1. \Y7e then show the  effects of 
LllsorLier or heterogeneity in ic, 011 the  scal- 
ine behavior. 

0 

Consider a site on the  lattice ancl a 
suhhasin comprising all sites upstream that 
are connecteii by the net~vork. This suhha- 
sin is tyylcally anisotropic ivith a long~tucli- 
rial length 5 anri a transverse length (, - - i f  t ,  , \\.here I-I 5 1 is the Hurst exponent. 
Thus, the  numl~er  of sites 111 the sul~baain 
scales as 5 I-". Let ~ ( s ,  L) he the prohabllity 
density ilistrihution for a glren 1-oncl to he 
associateci n l t h  an  area s for a s\-stern of 
linear size L. For the optimal netn-ork, as- 
aume (7. 11. 12)  that 

where j ( x )  is a scaling function that 1s a 
1ln1lzero cms tan t  for small 1.alues of s and 
zero for large values; sB sets the  character- 
istic scale helon- u'hlch the distribution of s 
is aleebraic with an  exponent 7 .  Because 5 
- L 

and because the  inaxiinulll area of the has111 
1s L', I-I 5 1. T h e  mean area (s) 1s equal to 
the a1,erage iiistance to the  outlet from the  
sites, ~vh ich  is shortest for Llirecteii net\vorks 
( 1  3 ) .  Generally, (s) scales as P', a-here the 
fractal Ll~rnenslon of the stream ti: 2 1, n-it11 
the equality hiilding for illrecteii netn-orks. 
Thus 

ancl therefore 

EIacli's law (14) ,  re la t~ng the length i of the 
longest stream in the drailiage region (mea- 
sured from an!- site to the edge of the suh- 
lxisin) to  tlie clralnage area s of tlie hasin 
( the  numher of upstream sites), i - s!', 11olJs 
with 

hecause the number of sltes in the subbasin 
scales as and 1 - [ . Thus, for clirect- 
eri, self-aftlne river hasins, tlie n.andering of 
the river cliaracteri~ecl 1,y the  Iiurst expo- 
nent uniiluely determines several of the  
other exponents. 

T h e  Schelclegger lnoiiel (9. lL?) is oh- 
talneii for homogeneous hasins o n  clioos~ng 
k ,  = 1 for all i and y = 1 in Eq. 2. hlinl- 
mi:ation of Z,s, 01-zr the ensemble of all 
~let\vorks (Llirecteil and uniilrecteii) lea& to 
all dlrecteii ~letivorlis being Liegenerate anri 
optimal hecauje (l /L')(X,s,)  = (s), \vhich is 
a minimum anil the saine for all directed 
 letw works. Because the  path from a gi\-en 
point to the outlet executes a raildoin walk, 
I1 = Y! anLl d, = 1 (13) for the Scheiiiegger 
model. 

For the case \I: 5 y < 1, tlie nlillinl~lin 
of the energy f~lllctlonal in Eq. 1 scale, as 

hecause hl111 E scales lvlt11 a power greater 
than or equal to 1 - 2y and separately with 
a power less than or equal to 1 - ly. T h e  
lower hound 1s ohtaillei1 by dividing the 
sum in Eq. 1 into the sum over rows of sites 

in the  ciirection transverse to the f l o ~  allel 
the sum ol-er sites within the rows ancl hy 

using the ~ne~ lua l i ty  ZX,Y > (ZX,)!  for X 2 
0. T h e  upper hounii res~llts from an  expllcit 
co~ l s t ruc t~on  of classes of self-slm~lar net- 
works that satlsty the  scallllg E - L1+ '? . For 
the optimal spanning tree, from Ecl. 2 

Comlxning 1~1 th  Eq. 8 the  scaling f(,rm of 
Eqs  3 and 6, one obtains H ( l  - y )  = d: - 
y, anii thus, for !> 5 y < 1 in the homo- 
geneous case, H 2 1 ( ~ v h i c h  is co~lsistellt 
~vitl i  H 5 1 o111y  hen I i  = I ) ,  dl = 1, ancl 
'T = $1:. 

Natural river basins are heterogeneous. 
T h e  simplest heterogeneity that one may 
consirier 1s ranilorn precipitation with R,  110 
longer u~lif(,rrn as in E+ 1. Sltes with large 
s, have contributions from the  R, of all the  
umtrearn sites. Thus, sinall fluctuations in 
R,  n.ould he espectecl to al-erage out to yield 
the  homogeneous result. Inrieeri, an  explicit 
analysis (1 L?) ~vi th in  the framework of the 
Schelilegger moiiel sho~vs that the u n i ~ ~ e r -  
sality class 1s uncha~igeii upon aiidition of 
this l i i~ld of heterogeneity. 

K o n ,  consliler the case in \vhich erosion 
is ra~lilom, that is, the values of i(, are random 
and uncorrelated. I11 this case. we cietermllle 
the nature of the optillla1 spanning tree 
(each slte In a soannine tree has a unlclue 
path to the global outlet) for which the 
quantitj- Z,it,s, (y = 1 In Eel. 2) is a minimum. 
For a117 s p a ~ ~ ~ l i n g  tree, Z,ic,s, can be exactly 
re~vrltten ( IS )  as Z,,,C,,, with C;,, = Ilk,. 
Here. C ohvsicallv relTresents the cost of , ,,# L , , L 

the path from site ill to the glohal outlet, the 
sum over I ruins over a11 hoilils on the path, 
anii it is the cost of traversing bond 1.  T h e  
suinlliation ox-er m is a sum over the uaths 
orlginatlng froin each of tlie sltes. Indeed, 
the factor s 111 X its a r m s  from the numl~er  

, , ,  
of paths passing through a given honii i.  Tlie 
optimal spanning tree, fc~r nh lch  Z,,:C,,, 1s 
the lo~vest, is olxained if C2,, is a nlininl~lni 
fur each 111. T h e  lni~liilil:atlo~l of all the 
i~liiiviiiual C,,,'s call he effected simulta- 
neously, anLl the resulting optlrnal spanning 
tree is simn11- the union of all the ontillla1 

L ,  

pat l~sfroin '  each of the sites to the glohal 
outlet. As an  ilnplicatioli of optlmality, 
when tnro paths ~ntersect they overlap esact- 
11: the rest of the v-av to the outlet. Also, the 

from a site along another path coin- 
cicies exactly with the sul~path of the origil~al 
path. Thus, the honLl ralldom~less provides a 

Table 1. Summar] of exponents fo,. models stc~died and for ,.lifer basins ( 1 ) .  The random erosiol? lnodel 
for ' 2  5 y < 1 y~elds the salne exponents as the homogeneous lnode (mean f~elci). 

Exuonent 
Random 
eroson 
y = I  

Riter basns 
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natural mechanism of aggregation. 
T h e  problem of the optimal path, for 

which C,,, is a minimum, has been solved 
exactly in two dimensions in  the  context of 
domain walls in  randoln ferromagnets and 
directed polynlers In a random medlum 
(16).  T h e  Hurst exponent H = Vi. For 
directed, self-affine river hasins, the  values 
of .r and 11 can readily be deduced to be '/j 

and %, resnectivelv. These values are robust 
and do not change even ~f the min~mization 
of the energy functional includes both dl- 
rected and undirected networks (1 6 ) .  

For 1/2 5 Y < 1, heterogeneities in the 
u 

erosional properties are ~rrelevant, and the 
exponent values are the same as t h e ~ r  homo- 
geneous counterparts. Our  proof rel~es o n  
first ohserving that Min E 5 L1+" (Mln E 
5 Z,li,s;Y for the tree for which 2,s: is a 
m~nimum,  but Z,k,sy 5 k X Z , s Y  - 
v"'L'+2', where k?' IS the largest of the k, 
values) and then using Eq. 9 in conjunctlo11 
with Eo. 3 to show that H 2 1. Because H > 
1 is not phys~cally meaningful, the Hurst 
exponent relnains unchanged a t  H = 1. 

W e  have thus shown that O C N s  with '/r 
I y I 1 show three classes of behavior 
(Table 1) .  Our  results indicate that the  
O C N ,  in  its present form, does not  describe 
the behavior of river basins. Rmaldo and 
co-workers (6 )  have carried out numer~cal  
studies of the  Y = I/L case. Their work. 
which was restricted to the  statistics of local 
minima (and not the  global minimum, as in  
our analysis), yielded exponents different 
from our results but in  good accord with 
observational data. 
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Predatory Dinosaurs from the Sahara and 
Late Cretaceous Faunal Differentiation 

Paul C. Sereno," Didier B. Dutheil, M. larochene, 
Hans C. E. Larsson, Gabrielle H. Lyon, Paul M. Magwene, 
Christian A. Sidor, David J. Varricchio, Jeffrey A. Wilson 

Late Cretaceous (Cenomanian) fossils discovered in the Kem Kem region of Morocco 
include large predatory dinosaurs that inhabited Africa as it drifted into geographic 
isolation. One, represented by a skull approximately 1.6 meters in length, is an advanced 
allosauroid referable to the African genus Carcharodontosaurus. Another, represented by 
a partial skeleton with slender proportions, is a new basal coelurosaur closely resembling 
the Egyptian genus Bahariasaurus. Comparisons with Cretaceous theropods from other 
continents reveal a previously unrecognized global radiation of carcharodontosaurid 
predators. Substantial geographic differentiation of dinosaurian faunas in response to 
continental drift appears to have arisen abruptly at the beginning of the Late Cretaceous. 

M a j o r  continental areas became increas- 
ingly isolated during the  Late Cretaceous as 
non-avian dinosaurs underwent their final 
radianon. T h e  influence of continental 
fraglnentation o n  dinosaur evolution during 
this interval has relnained uncertain be- 
cause of uneven sampling of the  fossil 
record. Late Cretaceous dinosaurian re- 
mains have been recovered principally from 
Asia and western North  America and con- 
sist largely of coelurosaurian predators and 
ornithisch~all  herbivores (1 ). Although di- 
nosaur bones of Late Cretaceous aee have 
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been reported from all major southern land 
areas including Antarctica (2-1 2 ) ,  reason- 
ably complete skeletons have heen recov- 
ered only from South America (1 3 ) ,  where 
abelisaurid predators and titanosaurian her- 
bivores flourished. 

O n  continental Africa, the most com- 
plete remains of Late Cretaceous dinosaurs 
were discovered in  Egypt and include the  
lower jaw and vertebrae of a n  unusual fin- 
backed theropod, Spinosa~trus (3) ;  skull frag- 
ments and bones of another large theropod, 
Ca~charodontosa~t?.1~s 14): isolated bones of a , , ,  

third predator, Bahariasa~trus (5); and bones 
of a large ti tanosaur~an sauropod, Aegypto- 
saurus (6) .  In  beds of similar age in  Moroc- 
co, several bones of a n  elliglnatic sauropod 
Rebbachlsaurus were d~scovered (7 ) .  Phylo- 
genetic interpretation of these remains 
(14-1 7)  has been difficult because Inally of 
the bones are fragmentary and because the 
Egyptlan collection was destroyed during 
World War  I1 (1 8). 

-To whom correspondence should be addressed. C o  We describe here vertebrate re- 
authors are s t e d  alphabetically. lnains from Late Cretaceous beds 111 the  
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