The experimental normalized cross-co-
variance with no delay, p(t = 0), is plotted
against the transmission probability, p, of the
input point contact (Fig. 2). As the point
contact width is increased, the transmission p
through the contact increases and the input
electron flux to the beam splitter carries less
(current-normalized) noise. The experimental
cross-covariance coefficient approaches —1 as
p increases, in close agreement with the an-
alytical trace calculated using Eq. 5.

The results are shown for the experimen-
tal normalized cross-covariance, p(7), as a
function of the delay time at four different
conductances, p = G/GQ = (.83, 0.77, 0.71,
and 0.61 (Fig. 3). The values of the experi-
mental cross-covariance at T = 0 in Fig. 3
are identical to those shown in Fig. 2. As
the relative delay between the two output
channels is increased, the experimental
cross-covariance increases toward zero.
The characteristic shape of the experimen-
tal cross-covariance data is a direct conse-
quence of the bandpass filter (2 to 10 MHz)
used in the measurement circuit (/4). The
additional traces shown are from a numer-
ical simulation which accounts for the point
contact transmission p, the beam splitter
transmission 7, and the entire detection
circuit, and closely match the experimental
data in all four cases. We emphasize that no
fitting parameters have been used in either
Fig. 2 or 3 to match the theoretical and
simulated traces with the experimental
data. Furthermore, the results shown are
consistent with the coherent-scattering for-
malism for calculating current-noise corre-
lations (15).

The negative cross-covariance of the out-
put currents of the mesoscopic electron beam
splitter directly indicates the sub-Poisson (anti-
bunching) fluctuations of the thermal fermion
source. The experimental technique we present
is simple and clean. It may prove useful in the
measurement of electron current covariance in
other mesoscopic systems (/6), for example, in
the study of the statistics of entangled electrons
(7). One might also use this quantum electron
optics technique to probe the source statistics of
composite particles in other condensed matter
systems, such as the quasi-particles in the frac-
tional quantum Hall regime (78), the Cooper
pairs in superconductors (/9), and the excitons
in semiconductors (20).
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The Robust Australopithecine
Face: A Morphogenetic
Perspective

Melanie A. McCollum

The robust australopithecines were a side branch of human evolution. They
share a number of unique craniodental features that suggest their monophyletic
origin. However, virtually all of these traits appear to reflect a singular pattern
of nasomaxillary modeling derived from their unusual dental proportions.
Therefore, recent cladistic analyses have not resolved the phylogenetic history
of these early hominids. Efforts to increase cladistic resolution by defining traits
at greater levels of anatomical detail have instead introduced substantial phy-

letic error.

Robust australopithecines are conventionally
sorted into three species: a single species from
South Africa, Australopithecus robustus [1.8 to
1.5 million years ago (Ma)] (/), and in East
Africa, 4. aethiopicus (2.7 to 2.3 Ma) and 4.
boisei (2.3 to 1.3 Ma) (2). All are characterized
by extreme postcanine megadontia, premolars
with molarized roots, lower molars with acces-
sory cuspules, and thick molar enamel. All also
have sagittal and compound temporal/nuchal
extracranial crests, a zygomatic arch positioned

Department of Anatomy, Case Western Reserve Uni-
versity, 10900 Euclid Avenue, Cleveland OH 44106,
USA. E-mail: mam17@po.cwru.edu

high above the occlusal plane, a forward place-
ment of the zygoma, and a robust mandible
with an absolutely and relatively tall ramus and
a correspondingly tall posterior face (Fig. 1).
Robust australopithecines also display marked-
ly small incisors and canines, a thickened hard
palate (that part of the upper jaw formed by the
palatine process of the maxilla and the horizon-
tal plate of the palatine), a vertically tall infraor-
bital region, low infraorbital foramina, a face
hafted high onto the neurocranium, a frontal
region depressed behind the supraorbital torus
and between anteriorly converging temporal
lines [the frontal trigone (3)], and strong pos-
torbital constriction.
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Many of these features are not unique to the
robust australopithecines. For example, 4. affi-
canus shares large second and third molar
crowns, a vertically tall mandibular ramus, and,
as compared to the more primitive condition
displayed by A. afarensis, a somewhat more
forward placement of the zygoma (4). A frag-
mentary Homo rudolfensis sample from East
Africa also shows postcanine megadontia
(though not as extreme as in robust australo-
pithecines), molarized premolar roots, and thick
enamel (5, 6). This repetitious pattern of post-
canine megadontia in early hominids has frus-
trated attempts to resolve their phylogenetic
history. Recently, impressive lists of cranioden-
tal features shared by robust australo-
pithecines have been cited as overwhelm-
ing evidence in support of their monophy-
letic origin (6, 7). Unfortunately, simply
defining a character does not constitute
evidence that it is independent and not the

Fig. 1. Characteristic
features of the robust
australopithecine face.
1, Vertically elongated
infraorbital region; 2,
low position of the in-
fraorbital foramina; 3,
high hafting of face
onto neurocranium; 4,
frontal trigone; 5, verti-
cally tall mandibular ra-
mus and posterior face;
6, sagittal crest; and 7,
anteriorly placed zygo-
mae (“dished” face).

" Maxilla
1

Oral Laminae

\
Nasal Laminae
= N, Premaxilla
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incidental effect of another. Which of the
robust australopithecine features are truly
independent? Resolution of these kinds of
issues requires consideration of (i) the un-
derlying genetic program that is ultimately
responsible for their morphology and (ii)
the process by which that program is inter-
preted and expressed.

Recent findings from developmental biology
have demonstrated that homologous develop-
mental pathways occur in a variety of embryon-
ic processes and organisms, but within discrete
units or modules (8, 9). Such modules display a
number of distinct properties (9). They (i) have
an autonomous genetically isolated organiza-
tion, (ii) contain hierarchical units and may be
parts of others, (iii) occupy specific physical
locations within the developing system, (iv) ex-
hibit varying degrees of connectivity to other
modules, and (v) undergo sequential transfor-
mations during individual development. Mod-

B Palate

Fig. 2. Principles of facial growth. (A) Displacement of the vomer away from its contacts with the
perpendicular plate of the ethmoid and hard palate. Sutural deposition in the “spaces” created by
this displacement permanently relocates the hard palate and upper jaw inferiorly. The detail of the
upper jaw illustrates the independent remodeling and inferior drift of the nasal and oral laminae of
the hard palate (maxilla plus palatine) and premaxilla. Plus signs indicate deposition; minus signs
indicate resorption. (B) Vertical growth of the mandibular condyle displaces the posterior maxilla
and hard palate inferiorly, thus eliciting relatively greater bone deposition at the sphenopalatine
and posterior ethmomaxillary sutures. The detail illustrates remodeling activities and cortical drift
associated with maxillary rotation. Plus signs indicate deposition; minus signs indicate resorption;
downward-pointing arrows indicate drift. Symbol size reflects the relative extent and degree of
remodeling activity (remodeling and drift). Black areas are air sinuses.

ules span a hierarchy from molecules to organ
primordia and body segments, in such a way
that a single complex anatomical structure (for
example, the tetrapod forelimb or the vertebrate
skull) can be viewed as the independent product
of a hierarchical expression of individual em-
bryonic units. Changes either in the attributes of
individual modules (state, number, or location)
or in the timing of their interactions with one
another alter the way organisms develop, and
result in modified sets of features being present-
ed to the filtering action of natural selection.

The skull arises and matures as part of an
integrated complex of relatively independent
functional modules (10, 17). Each consists of
all of the tissues, organs, glands, spaces, and
supportive structures necessary to carry out a
single function (such as mastication, respira-
tion, or olfaction). Like genetically defined
embryonic modules, the functional modules
of the skull are readily definable, are relative-
ly autonomous [in terms of both development
and evolution (/7)], and interact with one
another within a developmental cascade.
Much of the adult craniofacial form can
therefore be understood with reference to the
independent function (but integrated develop-
ment) of (i) the brain and its associated sen-
sory capsules, (ii) the nasal airway, and (iii)
the oral apparatus (11, 12).

The integration of functional modules is
achieved through growth remodeling and dis-
placement. Growth remodeling is bone deposi-
tion and resorption on the endosteal and peri-
osteal surfaces of bony laminae by the osteo-
blasts and osteoclasts that reside in their surface
membranes (/3). Such active growth is regulat-
ed by the endosteum and periosteum, whose
activities are themselves mediated by signals
(mechanical, electrical, hormonal, chemical,
and so on) received from adjacent tissues. As an
example, the hard palate is the structural inter-
face between the nasal and oral cavities, and it
therefore consists of functionally independent
nasal and oral surfaces (Fig. 2A) (/4). In re-
sponse to signals received from the growing
tissues of the nasal cavity, the nasal surface
(lamina) of the hard palate drifts downward
through a combined process of resorption on its
outer surface and deposition on its inner sur-
face. Similarly, the oral surface (lamina) of the
hard palate drifts inferiorly (through the com-
bined processes of periosteal deposition and
endosteal resorption) in response to signals
from the growing and functioning oral tissues
(Fig. 2A). Ancillary to this active downward
relocation of the two palatal surfaces is their
passive downward and forward displacement in
association with sutural growth. With expan-
sion of the nasal tissues, the bony vomer is
displaced away from its articulations with the
perpendicular plate of the ethmoid superiorly
and the hard palate inferiorly (Fig. 2A). In
response to the tension within the sutures cre-
ated by this displacement (/3), bone is depos-

9 APRIL 1999 VOL 284 SCIENCE www.sciencemag.org



ited at the vomeroethmoidal and vomeromaxil-
lary sutures, and the hard palate is relocated
downward and anterior to the cranial base. Ad-
ditional sutural growth associated with expan-
sion of the neuro-orbital and oral cavities dis-
places the hard palate even farther downward
and forward.

The distinctive cranial morphotype of ro-
bust australopithecines must ultimately be in-
terpretable in the context of growth remodeling
and displacement. With respect to their distinc-
tive palatal morphology, the traditional view
holds that a thickened palate developed in re-
sponse to some mechanical demand, and in
particular in response to the need to reinforce
the midpalatal suture against elevated mastica-
tory stress (/5). However, experimental studies
demonstrate that an increase in sutural area in
response to elevated extrinsic force is achieved
through increased interdigitation rather than the
accumulation of thick cortical bone (/6). Thus,
a thickened palate must be a function of some
other constraint on rostral form. The unusual
palatal morphology characteristic of the robust
taxa may instead be a product of extreme max-
illary rotation during ontogeny (/7). Maxillary
rotation is a normal aspect of anthropoid facial
ontogeny (I/8). It results from differential
growth of the sutures that attach the midface to
the basicranium [the sphenopalatine and ethmo-
maxillary sutures (Fig. 2B)]. Relatively greater
sutural deposition posteriorly typically occurs
in order to maintain functional occlusion as the
mandibular condyle expands vertically (13, I8).
To keep pace with the skeletal changes taking

30 -| @ MalePantroglodytes KNM-ER 406
QO  Female Pan troglodytes 0
& A africanus a
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LN Posterior facial height (mm.)

Fig. 3. Palatal thickness compared to posterior
facial height in an ontogenetic series of chimpan-
zees and a number of early hominid crania. LN,
natural log. Chimpanzee data points represent
sex-specific means (n = 68) of developmental
age groups defined by stage of dental eruption
and suture closure (deciduous — M’ erupted —
M? erupted — M?> erupted — patent spheno-
occipital synchondrosis — fused spheno-occipital
synchondrosis). Posterior facial height is mea-
sured as the vertical distance separating the ar-
ticular eminence from the occlusal plane. Number
and letter designations beside data points indi-
cate museum accession numbers of fossil crania.
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place posteriorly, the anterior hard palate (both
laminae) and premaxilla (forming the anterior-
most nasal cavity floor and holding the incisors)
undergo relatively greater remodeling, and the
entire anterior midface and dentition drift
downward (Fig. 2B).

In the robust australopithecines, an unusual-
ly tall mandibular ramus would have been as-
sociated with an extreme degree of maxillary
rotation during ontogeny (/9). Inferior drift of
the oral surface of the hard palate would ulti-
mately be determined by the height of the man-
dibular ramus and the extent of this rotation.
Drift of the hard palate’s nasal surface, howev-
er, would be regulated primarily by the size of
the nasal airway, itself a parameter that is large-
ly determined by body size (/2). Because man-
dibular ramus height in the robust australo-
pithecines far exceeds that of other hominoids
of similar body size (20), a general thickening
of the hard palate (a gradual separation of its
nasal and oral surfaces) would occur. Indeed,
this is precisely what occurs in modern chim-
panzees, in which an increase in the height of
the posterior midface is accompanied by a dra-
matic thickening of the hard palate and its
concurrent invasion by the maxillary air sinus
(Fig. 3) (21). The fact that palatal morphogen-
esis in the robust australopithecines was similar
to that of the chimpanzee is indicated by the
presence of a palatal component of the maxil-
lary sinus, a “recessus palatinus,” in several
robust australopithecine crania (3, /7). In addi-
tion, palatal thickness values of the fossil crania
are those that would be expected in chimpan-
zees with posterior midfaces “grown up” to
robust australopithecine size (Fig. 3). There-
fore, the thickened hard palate of the robust

Sphenoid
" A

australopithecines would appear to be a simple
by-product of a vertically expanded mandibular
ramus.

Australopithecus africanus also displays a
relatively tall mandibular ramus suggestive of
extreme maxillary rotation (20), and although
some specimens, including the famous Taung
child, possess a recessus palatinus (22), adult
palatal thickness in this taxon rarely ap-
proaches that typical of the robust taxa (Fig.
3). The A. africanus morphology therefore
suggests that some additional factors may
have promoted palatal thickening in robust
crania or deterred extreme palatal thickening
in nonrobust crania such as A. africanus (or
both).

Growth remodeling of the nasal surface of
the hard palate is regulated almost exclusively
by the spatial demands of the nasal cavity (13).
In comparison, the nasal surface of the premax-
illa (Fig. 2) must satisfy not only the require-
ments of the nasal cavity but also those of the
permanent incisors developing within it. Con-
sequently, the resorptive capacity of the pre-
maxilla is more restricted than that of the hard
palate. In 4. afficanus, the vomer only contacts
the nasal cavity floor at the hard palate (Fig.
4A) (23). There it projects below the premaxilla
and into the incisive canal (the communicating
passage between the nasal and oral cavities).
This isolation of the vomer from the premaxilla
provides some developmental (remodeling) in-
dependence of the two components of the nasal
cavity floor. As a result, resorption of the hard
palate’s nasal surface could continue even after
the resorptive limits of the premaxilla had been
reached. Unlike the arrarigement in 4. affica-
nus, the vomer of the robust australopithecines

Fig. 4. Proposed variation in nasomaxillary modeling and craniofacial morphogenesis in australo-
pithecine taxa. (A) Isolation of the vomer from the premaxilla in A. africanus allows continued
resorption of the palatal component of the nasal cavity floor after the resorptive limits of the
premaxilla have been reached. (B) Extension of the vomer onto the premaxilla reduces the
resorptive capacity of the palatal component of the nasal cavity floor. With inferior drift of the
nasal floor thus constrained, orbitonasal and oral cavities become displaced in opposite directions
(large arrows at right). Plus signs indicate deposition; minus signs indicate resorption; downward-
pointing arrows indicate drift. Symbol size reflects the relative extent and degree of activity

(remodeling and drift). Black areas are air sinuses.
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Table 1. Synapomorphies of Paranthropus (7).

REPORTS

Postcanine megadontia

Small anterior dentition

Large masticatory musculature

Current model

Large mandibular cross-sectional
area at M,

Wide mandibular extramolar
sulcus

Large premolar area

Distinct dM, morphology
Molar and premolar cusp apices

narrowly separated
Hyperthick enamel

Nasoalveolar clivus concave in
coronal plane

Incisor alveoli do not project
beyond bicanine line

Thick zygomatic arch

Masseteric tubercle at or anterior

to sellion

Strong anteromedial incursion of

the temporal lines

Extensive overlap of squamosal

suture

Anteriorly placed zygomatic

Smooth entrance to nasal cavity
Thick palate

Low infraorbital foramen

Face hafted high

Marked postorbital constriction

Mastoid process inflated lateral
to the supramastoid crest

Wide supraglenoid gutter

extends onto the nasal surface of the premaxilla
(Fig. 4B) (23). This configuration constrains the
nasal surface of the hard palate to maintain the
same transverse level as the adjacent premaxilla
throughout growth (27). As a consequence, all
resorption of the anterior nasal cavity floor
would cease once the allowable limits of re-
sorption of the premaxilla were reached. With
inferior drift of its nasal surface thus limited,
continued inferior drift of the hard palate’s oral
surface (in response to extreme maxillary rota-
tion) would result in the consistent development
of a greatly thickened hard palate (Fig. 4B).

The attachment of the vomer along the nasal
cavity floor, through its influence on the pattern
of nasal floor remodeling, may therefore be
the pivotal factor responsible for the diver-
gent palatal morphologies characteristic of
australopithecine taxa (/7). However, is
the vomer’s influence on australopithecine
cranial morphology confined to the subna-
sal region? Probably not. If the model of
australopithecine palatal development de-
scribed above is indeed correct (24), then
substantial downward remodeling of the
nasal cavity floor in the robust specimens
could not have occurred (Fig. 4B). Instead,
continued expansion of the nasal cavity
would set up a competition between the
nasal and oral cavities for space within the
midfacial skeleton. When such competition
exists, an additional displacement must
take place until the positions of the com-
peting elements become sufficiently modi-
fied (/3). In the robust australopithecine
cranium, the point of contact of the two
expanding elements would have been the
nasal cavity floor (Fig. 4B). From this in-
terface, the oral cavity would have been
displaced inferiorly and the nasal cavity
superiorly. Because the circumorbital ele-
ments are intimately associated with the
perpendicular plate of the ethmoid, superior
displacement of the nasal cavity would sec-
ondarily displace the entire circumorbital
region superiorly.

With a displacement of the oral and or-
bito-nasal skeletons in opposite directions,

any structures that span their connecting in-
terface, such as the infraorbital region, must
be vertically elongated. Also expected with a
relatively greater superior displacement of
the upper facial skeleton would be a higher
hafting of the facial skeleton onto the neuro-
cranium and a corresponding low frontal re-
gion. Strong postorbital constriction and a
low position of the infraorbital foramina
within the face would also be expected with
such displacement of the upper face relative
to the neural capsule. A suite of features can
therefore be identified as the expected mor-
phological correlates of a pattern of facial
ontogeny in which the oral and upper facial
capsules are displaced relative to a more sta-
tionary nasal cavity floor.

Table 1 lists the shared derived features of
robust australopithecine crania as identified in a
recent cladistic analysis (7). Most of these 20
traits are simply the most divisible elements of
the more comprehensive masticatory features
of (i) postcanine megadontia, (ii) a small ante-
rior dentition, and, (iii) a large masticatory mus-
culature. However, a number are not readily
interpretable with respect to the masticatory
apparatus. But, as has been demonstrated here,
all are interpretable with respect to just two
features of the robust australopithecine crani-
um: (i) a tall mandibular ramus and (ii) a
vomeral insertion on the nasal surface of the
premaxilla. The first is known to be function-
ally integrated with the postcanine occlusal area
(25). The underlying basis of the second feature
has yet to be explored, but it is critical to note
that -a similar vomeral insertion is found in
modern humans (17, 21), and we share with the
robust australopithecines a relatively small an-
terior dentition. It therefore seems reasonable to
suggest that the vomeral morphologies of both
groups reflect a small anterior dentition. If so,
and if the model of robust australopithecine
craniofacial morphogenesis outlined above is
correct, then all of the skeletal traits identified
as synapomorphies of a Paranthropus clade are
merely developmental by-products of dental
size and proportions.

Although all robust australopithecines com-

bine extremely large postcanine teeth with
small anterior dentitions, they do not share
identical tooth morphologies. Rather, 4. boisei
exhibits a number of non-size-related features
of its postcanine dentition (for example, distinc-
tive morphology of the lower fourth premolar
and distinct lower molar cusp proportions)
that are not observed in 4. robustus (2). In
addition, the postcanine teeth of 4. robus-
tus are notably smaller than those of both of
the geologically older East African taxa.
Although it is possible that a reduction in
postcanine tooth size occurred during the
evolution of A. robustus (2), it is no less
probable that the East and South African
forms had separate phyletic origins. There-
fore, despite their fundamentally similar
cranial morphologies, the phylogenetic his-
tory of the robust australopithecines re-
mains unresolved.
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| Solar Cycle Variability, Ozone,
and Climate

Drew Shindell,"* David Rind,’ Nambeth Balachandran,’
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Results from a global climate model including an interactive parameterization
of stratospheric chemistry show how upper stratospheric ozone changes may
amplify observed, 11-year solar cycle irradiance changes to affect climate. In
the model, circulation changes initially induced in the stratosphere subse-
quently penetrate into the troposphere, demonstrating the importance of the
dynamical coupling between the stratosphere and troposphere. The model
reproduces many observed 11-year oscillations, including the relatively long
record of geopotential height variations; hence, it implies that these oscillations
are likely driven, at least in part, by solar variability.

It has long been speculated that long-term solar
output variations influence Earth’s climate and
may have caused episodes such as the Little Ice
Age. As surface temperatures have risen rapidly
over recent decades, it has become increasingly
crucial to determine the relative importance of
solar variation on climate. A first step is under-
standing the effects of the well-observed 10- to
12-year activity cycle. Although many meteo-
rological quantities are correlated with the solar
cycle (1, 2), it has remained unclear how rela-
tively small changes in solar radiation (~0.1%),
whose direct effects occur predominantly in the
upper atmosphere, could have an important im-
pact on Earth’s surface. Cosmic ray influence
on clouds has been proposed (I); others have
suggested that the variability reflects other in-
fluences such as volcanoes (3) or internal cli-
mate oscillations (4). Another proposed mech-
anism is amplification of solar variability via
stratospheric or thermospheric changes (5, 6).
Measurements show that 10 to 20% of solar
cycle irradiance changes occur in ultraviolet
(UV) radiation (7), which is largely absorbed
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by stratospheric ozone.

A problem has been that most models
with which this question has been studied
have had limited stratospheric representa-
tions, have assumed a constant change in
solar irradiance at all wavelengths, or have
assumed constant ozone concentrations (§—
10). Results showed that UV absorption
changes altered the upper stratospheric zonal
wind, which in turn affected planetary wave
propagation and hence the troposphere. How-
ever, surface changes were quite small unless
input solar variation was unrealistically large.
One recent model (6) showed that incorpo-
rating both realistic solar irradiance and
ozone changes could increase the response to
solar forcing, but this model extended only to
the middle stratosphere (10 mbar), a limita-
tion that restricted the model’s ability to sim-
ulate planetary wave propagation (/).

Here, we include both realistic irradiance
and ozone changes in a climate model with a
complete stratosphere. We used the GISS
stratospheric general circulation model (GCM),
a primitive equation model including parame-
terized gravity waves (/0), with 8° latitude by
10° longitude resolution and 23 levels extend-
ing from the surface to 85 km (0.002 mbar).
The two-dimensional (2D) model-derived
chemistry parameterization includes wave-
length-dependent ozone response to changes in
radiation and temperature (/2). Solar variability
directly affects both ozone photochemistry and

In the robust australopithecines, this same region
should demonstrate reduced resorption later in cra-
nial ontogeny. The predictions of this model are
being assessed through scanning electron microscop-
ic examination of the nasal cavity floor of juvenile
australopithecine crania (79).
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local heating, modifying ozone abundances,
which in turn further alter local heating rates as
well as the radiation field at other levels.

The GCM was run for 20 years each at
solar maximum and solar minimum irradi-
ances specified by wavelength-dependent
changes from 180 to 400 nm, and constant
changes at longer wavelengths consistent
with total solar cycle irradiance variations
(7). Results were analyzed in two ways: for
the entire 40 years, and for a subset of the 28
years without sudden stratospheric warmings.
The model showed no significant difference
in generation of sudden warmings between
phases, in accordance with observations (/3). A
companion experiment used identical radiation
changes and constant ozone. All simulations
had fixed sea-surface temperatures and no
quasi-biennial oscillation (that is, the model
was in its base state with weak easterlies).

Geopotential heights are controlled by
temperatures in the underlying column, in
addition to surface pressures, and thus height
changes reflect temperature modification
throughout the atmosphere below. An ob-
served 10- to 12-year oscillation is present in
more than 40 years of data (2, /4). Heights
from about 10° to 50°N are well correlated
with solar flux [>99.9% significance at 30
mbar for the annual average zonal mean (2)].
We concentrate on December through Febru-
ary, when differences in observed height
changes between Northern Hemisphere sub-
tropical and high latitudes are the greatest
(between 30° and 90°N, a change of 104 m in
winter versus 33 m in summer).

The individual years of the solar maxi-
mum and minimum simulations were aver-
aged to reduce the noise, then the difference
between them was calculated. The zonal
mean 30-mbar height changes showed signif-
icant increases at low and mid-latitudes (Fig.
1). An additional experiment with ozone
changes prescribed according to observations
gave a similar response to that with calculat-
ed ozone, indicating the robustness of the
result. The models with solar forcing and
interactive ozone reproduce observed North-
ern Hemisphere subtropical height increases
well, but the model with solar forcing and
with constant ozone does not. For compari-
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