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Mountains and Arid Climates of Middle Latitudes

S. MANABE AND A. J. BRoccoOLI

Simulations from a global climate model with and without orography have been used
to investigate the role of mountains in maintaining extensive arid climates in middle
latitudes of the Northern Hemisphere. Dry climates similar to those observed were
simulated over central Asia and western interior North America in the experiment
with mountains, whereas relatively moist climates were simulated in these areas in the
absence of orography. The experiments suggest that these interior regions are dry
because general subsidence and relatively infrequent storm development occur up-
stream of orographically induced stationary wave troughs. Downstream of these
troughs, precipitation-bearing storms develop frequently in association with strong jet
streams. In contrast, both atmospheric circulation and precipitation were more zonally
symmetric in the experiment without mountains. In addition, orography reduces the
moisture transport into the continental interiors from nearby oceanic sources. The
relative soil wetness of these regions in the experiment without mountains is consistent
with paleoclimatic evidence of less aridity during the late Tertiary, before substantial
uplift of the Rocky Mountains and Tibetan Plateau is believed to have occurred.

HE MECHANISMS CONTROLLING

the distribution of the earth’s arid

climates are only partially under-
stood. While the existence of subtropical
deserts can be explained by their location
beneath the subsiding branch of the Hadley
circulation, mid-latitude aridity is more
problematic. Sizable dry regions stretch
across the interior of Asia from Turkestan
east to the Gobi Desert and across North
America from the Great Basin to the western
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Great Plains. Some climatologists have spec-
ulated that distance from oceanic moisture
sources is the major cause of such mid-
latitude dry regions, accentuated locally by
the presence of mountain barriers upwind
(1). If this were the case, such dry regions
would occur even in the absence of orogra-
phy.

One way to separate the effect of orogra-
phy on climate from other effects is through
the use of atmospheric general circulation
models (GCMs). In a number of studies,
GCMs have been used to simulate the
earth’s climate with and without mountains
(2). Most of these studies concentrated on

the effects on atmospheric circulation, with
less attention given to changes in the global
distribution of climate brought about by the
presence of mountains. Manabe and Terp-
stra (3) briefly discussed the impact of orog-
raphy on the precipitation distribution, on
the basis of simulations of the January cli-
mate with and without mountains. In their
simulations, a zonal belt of moderate precip-
itation formed in the mid-latitudes of the
Northern Hemisphere in the case without
mountains, but interruptions in the belt
over the interiors of Eurasia and North
America developed in their experiment with
orography. In a subsequent study using a
model with orography and incorporating
seasonal variation, Manabe and Holloway
(4) compared the simulated and observed
distributions of global climate. Their model
simulated the mid-latitude dryness of the
Eurasian interior, and they suggested that
the presence of the Tibetan Plateau is impor-
tant in maintaining central Asian aridity.
Recently, a series of studies was conduct-
ed in which large-scale uplift of the Tibetan
Plateau and the western United States was
linked to the changes in climate during the
past 30 to 40 million years (5-7). As part of
that work, climate model experiments were
run with the Community Climate Model of
the National Center for Atmospheric Re-
search. In these experiments, a global model
with prescribed soil moisture and snow cov-
er was used to simulate climate with and
without mountains. Although the model
was not integrated through a complete sea-
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sonal cycle, integrations were made with
perpetual January and July insolation in
order to study changes in climate in both the
winter and summer seasons. There was sub-
stantial agreement between the response of
the model to changes in orography and
climatic changes in the geological record.

We used a GCM with a seasonal cycle to
examine the role of mountains in the main-
tenance of arid and semiarid climates in mid-
latitudes of the Northern Hemisphere.
While other studies have examined the ef-
fects of orography from broader perspec-
tives, we focused specifically on the ability of
the model to simulate mid-latitude dry cli-
mates and the mechanisms, both atmospher-
ic and hydrologic, by which those climates
are maintained. Two experiments were run:
one with mountains (M) and another with-
out mountains (NM). The model employs
the spectral transform method, in which the
horizontal distributions of atmospheric vari-
ables are represented by both spherical har-
monics and grid-point values (8). We re-
tained 30 zonal waves, adopting the so-
called rhomboidal truncation. The spacing
of the transform grid was 2.25° latitude by
3.75° longitude. Normalized pressure was
used as the vertical coordinate, and nine
unevenly spaced levels were used for finite
differencing. For the computation of radia-
tive transfer, clouds were prescribed, varying
only with height and latitude (9). Solar
radiation at the top of the atmosphere was
prescribed, varying seasonally, as was the
geographical distribution of sea surface tem-
perature and sea ice. Surface temperatures
for land points were computed from a heat
balance with the assumption that no heat is
stored in the ground. Both snow cover and
soil moisture were predicted. The model is
similar to the one used by Manabe and
Hahn (10) except that the M experiment
utilized a parameterization of the drag that
results from the breaking of orographically
induced gravity waves (11). Each version of
the model was initialized with an isother-
mal, resting atmosphere and then integrated
until a quasi-equilibrium was reached. A
subsequent period of 3 years was retained
for analysis.

Annual mean soil moisture was used as an
indicator of the large-scale patterns of arid-
ity produced by the model (Fig. 1). In the
NM experiment, the east-west variation of
soil moisture is relatively small, although the
east coasts of Asia and North America tend
to be slightly wetter than the remainder of
those continents. By contrast, soil moisture
in the M experiment shows large departures
from zonal symmetry. Of particular interest
are two mid-latitude regions of low soil
moisture: one extending eastward from the
Caspian Sea to northwest China, and anoth-
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er just east of the Rocky Mountains in the
western interior of North America (12).
These dry regions correspond quite well to
observed regions of dryness and are absent
in the NM experiment (13).

Annual mean precipitation in the M and
NM experiments follows a similar pattern
(Fig. 2). In the absence of orography, the
smallest amounts are over the Arctic Ocean
and in two subtropical regions: the south-
western part of North America and the
nearby Pacific, and North Africa and the
nearby Atlantic. Precipitation is relatively
large over the western portions of the North
Atlantic and North Pacific and in a band
located between 45°N and 65°N. In the M
experiment, precipitation over mid-latitudes
has much more east-west variability than in
the NM experiment. In addition to the areas
of low precipitation in the subtropics and
over the polar region, little precipitation
falls over the continental interior regions
where soil moisture is also small.

Why do these interior regions receive
such meager precipitation in the experiment

Fig. 1. Annual mean soil moisture (in centime-
ters) from (top) the M and (bottom) the NM
experiments. Stippling indicates soil moisture
>12 cm, whereas solid black shading indicates
soil moisture <3 c¢m. The field capacity of soil
moisture in both experiments is 15 cm every-
where. A 1-2-1 smoothing has been applied in
both directions to reduce grid-scale variability.

with orography? Some contribution to the
dryness of the western interior of North
America comes from a relatively simple
mechanism. As the prevailing westerly
winds in.the lower troposphere encounter
the extensive north-south barrier of the
Rocky Mountains, the air is forced to rise.
Condensation and precipitation take place
on the upwind side of the mountains, and
dry air unfavorable for precipitation sub-
sides on the east side. In addition to this
“rain shadow” effect, other mechanisms are
involved in maintaining the arid climate of
western North America as well as that of
interior Eurasia, which has the Tibetan Pla-
teau but lacks a meridional barrier such as
the Rocky Mountains.

Much of the precipitation in mid-latitudes
is associated with atmospheric disturbances
propagating along the polar front, and the
preferred locations for disturbance activity
are related to the position of stationary
waves in the upper troposphere (14). Thus
another possible explanation for the zonal
asymmetry in mid-latitude precipitation in
the M experiment is that the presence of
orography induces stationary waves that de-
termine the regions of frequent (or infre-
quent) passage of extratropical disturbances.
This hypothesis is explored by examination

180°
S

Fig. 2. Annual mean precipitation rate in millime-
ters per day from the (top) M and (bottom) NM
experiments; smoothing as in Fig. 1.
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of a variety of diagnostics of the atmospheric
circulation: the 500-mb geopotential height
(representing the stream function of geo-
strophic flow), the 500-mb jet axis, precipi-
tation, and the root-mean-square (rms) of
band pass—filtered 500-mb geopotential
height (Figs. 3 and 4). Diagnostics for
spring are displayed because it is the sea-
son in which the continental precipitation
belts are best defined in the NM experi-
ment. Autumn and winter atmospheric
circulation patterns are qualitatively simi-
lar to spring.

In the absence of mountains, stationary
waves have relatively small amplitudes and a
circumpolar jet axis is present between 45°N
and 50°N. A circumpolar band of relatively
high transient disturbance activity, indicated
by the rms of band pass—filtered 500-mb
geopotential height, is located just poleward
of this jet axis (14). Continental precipita-
tion belts are closely associated with the jet
and storm track. In contrast, stationary
waves in the M experiment have larger
amplitudes, and troughs are situated to the
cast of the Rocky Mountains and the Tibet-
an Plateau. This increase in the amplitude of
stationary waves in the presence of orogra-
phy has been noted in earlier studies (3, 7).
Rather than being almost zonally symmet-
ric, the jet streams in the M experiment are
discontinuous and tend to be strongest
downstream of the axes of the stationary
wave troughs. The storm tracks show a
similar discontinuity and are closely aligned
with the jet axes. Precipitation tends to be
heaviest in the areas downstream of the
stationary troughs. In the areas upstream of
the troughs, general subsidence prevails, ex-
tratropical cyclone activity is relatively weak,
and precipitation is light. These features of
the mountain-induced stationary waves and
jet streams are consistent with theoretical
analyses of orographic influences (15).

In summer the pattern of stationary waves
in the M experiment is quite different from
those in the other seasons. Wavelengths are
shorter, and the amplitudes are much small-
er. Although the North American ridge-
trough system associated with the Rocky
Mountains is present, the trough down-
stream of the Tibetan Plateau is absent.
Instead, a weaker feature occurs farther
west. Despite this difference in position, the
distribution of summer mid-latitude precipi-
tation is related to the position of the sta-
tionary waves as it is during other seasons.
In contrast, circulation features and the dis-
tribution of continental precipitation tend
to be zonally symmetric during all seasons in
the NM experiment.

Another consequence of the changes in
atmospheric circulation induced by the pres-
ence of mountains is a change in the annual
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Fig. 3. March-April-May contours of 500-mb
geopotential height (in decamerers) from (top)
the M experiment and (bottom) thc NM experi-
ment. The 500-mb geostrophic wind speed is
inversely proportional to the spacing of the height
contours, and the thick arrows indicate the posi-
tion of the jet-stream axis at 500 mb. Stippling
indicates precipitation rates >3 mm per day.

mean vertically integrated moisture trans-
port (not shown). In the NM experiment,
zonally symmetric transport occurs through-
out the belt from 40°N to 60°N. This flow
carries an ample supply of moisture from
oceanic sources to the contincnts. Because
soil moisture is relatively high over middle
latitudes, evaporation takes place at a sub-
stantial fraction of the potential rate. As a
result, the land surface is nearly as effective
in supplying water vapor to the atmosphere
as the ocean surface, and moisture can easily
penetrate deep into the continental interiors.
In the M experiment, strong eastward
transport across the North Pacific and
North Atlantic still occurs, but this flow
weakens as it enters North America and
Europe. The drier land surfaces of the M
experiment are not as effective in supplying
water vapor to the atmosphere; thus, the
moisture transport over the continental
interior is reduced.

In order to believe that these mechanisms
are responsible for maintaining mid-latitude
arid climates, it is necessary to have some

180°

Fig. 4. Root-mean-square (rms) of band pass—
filtered 500-mb geopotential height (in meters)
from the (top) M and (bottom) NM experi-
ments. The band pass filter selects disturbances
with time scales between 2.5 and 6 days. Stippling
indicates values of at least 30 m.

confidence in the robustness and realism of
the model response. The consistency of our
results to those from other studies of oro-
graphic effects with different GCMs (3, 4, 7)
and simple linear models (15) suggests that
they are relatively robust. Some evidence
that similar mechanisms may operate in the
real climate system comes from work by
others on the evolution of climate on geo-
logical time scales. Ruddiman et al. accumu-
lated evidence suggesting that much of the
uplift in the Tibetan Plateau region and the
western United States occurred in the last 5
to 10 million years (5). In addition, paleocli-
matic data suggest that winters became pro-
gressively drier over the northern Great
Plains during the last 10 million years and
that a general drying of the Eurasian interior
took place during a similar period (6). The
changes in climate between the M and NM
experiments are consistent with the paleocli-
matic evidence from these regions. Thus we
have some confidence that the mechanisms
identified here may largely account for mid-
latitude aridity.
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Allometric Scaling in the Earliest Fossil Bird,

Archaeopteryx lithographica

MARILYN A. Houck, JACQUES A. GAUTHIER, RICHARD E. STRAUSS

Archaeopteryx is almost universally considered a primitive bird. Debate persists,
however, about the taxonomic assignment of the six skeletal fossils. Allometric scaling
of osteological data shows that all specimens are consistent with a single growth series.
The absence of certain bone fusions suggests that no specimen is full-grown. Allome-
tric patterns, as compared to growth gradients of other dinosaurs, extant ectotherms,
and extant endotherms, suggest that Archaeopteryx was likely a homeothermic endo-
therm with rapid growth and precocial abilities for running and flying. Multivariate
allometric models offer a significant potential for interpreting ontogenetic patterns
and phylogenetic trends in the fossil record.

tchaeopteryx REPRESENTS A RARE

transitional form in the fossil record

(1, 2). During the past 130 years of
scrutiny and sustained controversy, the six
described specimens have been variously
parceled among six different genera and nine
different species (3). The most recent taxo-
nomic revision occurred in 1985 (4) and the
most recent disclosure of a new specimen in
1988 (5).

Contention about the status of these spec-
imens has persisted because of the inconsis-
tencies in relative sizes and proportions and
the lack of unambiguous diagnostic charac-
ters (6). Because previous attempts have not
resolved the taxonomic issues, we reexam-
ined the variability among the specimens
with an exponential allometric (growth-se-
ries) model. The allometric model is useful
in interpreting growth patterns among de-
velopmental stages within a taxon (7, 8), and
divergent growth patterns can distinguish
multiple taxa (9). Growth patterns differ
among taxa either because the relative
growth rates (allometries) of individual
characters differ or because the timing (het-
erochrony) of structural development dif-
fers. The most divergent allometric (or het-
erochronic) variables can contribute to the
evolutionary separation of closely related
taxa within a phylogeny (9).

To apply an allometric growth model as
an alternative hypothesis against which to
test patterns of phylogenetic change (10),
we first needed to determine whether the
specimens represented elements of a consist-
ent progression, differing only in absolute
size (age). Nine major skeletal components,
and available dimensions for maxillary and
premaxillary teeth, were examined as simple
functions of femur length, a commonly used
index of body size in birds. All linear regres-
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sions resulted in high correlation coeffi-
cients, consistent with a single series (Fig.
1).

Skeletal fusions, an independent qualita-
tive line of evidence, also support the inter-
pretation of ontogenetic stages. All full-
grown coelurosaurs (11) are known to have
had a variety of skeletal fusions that were
complete in full-grown adults (12). Even
though a substantial size range exists among
the six Archaeopteryx specimens (the largest
being twice the size of the smallest), no
specimen had a full complement of these
age-related fusions. The smallest specimen
(Eichstitt) had no such fusions. The limited
extent of skeletal fusions suggests that none
of the specimens was full-grown.

Growth and the development of flight
feathers are frequently correlated in extant
birds. A full complement of wing and tail
feathers existed in the Eichstitt specimen,
despite its small size. This might suggest
that the Eichstitt specimen was a full-grown
member of sympatric (but smaller) species,
but this is not a necessary conclusion. Some
megapodes have a full complement of flight
feathers and are fully homeothermic imme-
diately upon hatching (13), and most volant
precocial birds can fly short distances within
the first week of post-hatching development
(14). Thus, the development of feathers in
the smallest specimen is not incompatible
with a single-species growth series. Further,
it is consistent with a hypothesis that preco-
cial flight and thermoregulation are ances-
tral for living birds.

The parsimonious conclusion is that all
six fossils are consistent with a single size-
series and that none of the specimens were
fully grown (15). Therefore it is appropri-
ate to use an allometric growth model to
examine changes in skeletal proportions that
accompany differences in size. The growth
dynamics of Archaeopteryx can then be
compared with related theropod lineages in
terms of ancestral affinities and context with
extant taxa. Such comparative allometric ap-
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