
D
espite its remoteness and still incom-

plete study, the Tibetan Plateau has for

nearly 150 years figured prominently

in the development of basic concepts of how

the Earth behaves and evolves. The most pro-

found idea of tectonics, isostasy, was born in

the last century, when Pratt (1855) recognized

a deficit of mass beneath the Himalaya and

Tibet, and Airy (1855) quickly inferred that

thick crust beneath the plateau buoyed it up.

(Ironically, because explorers and trade routes

had avoided the plateau, Pratt’s maps underes-

timated, by nearly two times, the extent of the

plateau and the degree to which mass was

missing.) Later in the 19th century and early

20th century, explorers like Hedin (Hennig

1915), Littledale (1896), and Norin (1946),

made observations that still provide the basis

of our present-day geologic knowledge of Tibet

– e.g. observations of Cretaceous limestone,

which require that much of the plateau was at

sea level at that time, or of scattered fresh vol-

canic rock and active volcanoes in north Tibet,

implying a partially molten uppermost mantle. 

Precociously integrating the sparse observa-

tions of active and recent tectonics with the

then new idea of continental drift, Argand

(1924; Argand and Carozzi 1977) built a sce-

nario of continental collision around the

underthrusting of India beneath Tibet. In a

comparably modern interpretation, largely of

their own field data, Heim and Gansser (1939;

Gansser 1964) recognized the simplicity of

India’s underthrusting beneath southern Tibet

and the construction of the Himalaya by the

off-scraping of slices of India’s northern mar-

gin; the Himalaya became the prototype of a

collision zone between two continents.

Still relying on the observations of early

explorers, Dewey and Burke (1973) ushered in

the present-day focus on Tibet by pointing out

that Tibet serves as the contemporary analogue

for many ancient terrains where deformation

had been widespread and magmatism had

played a key role. Then with remote sensing

using seismic waves from earthquakes and

Landsat imagery, it became clear that the

plateau is actively collapsing (e.g. Molnar and

Tapponnier 1975, 1978; Ni and York 1978). 

The style of deformation that built the

plateau has changed completely. Moreover, it

had become obvious that plate tectonics,

which demonstrated that large areas move lat-

erally over the surface of the Earth as rigid

plates, in fact, provided little guidance for

understanding mountain building. Tibet

became the prototype for both the growth and

the demise of mountain belts. (The processes

that are now destroying the plateau have

shaped the Basin and Range Privince of west-

ern North America, e.g. Coney and Harms,

1984; Molnar and Chen 1983)

Tibet’s significance is not limited to tectonics

and mountain building; using newly developed

General Circulation Models of the atmosphere,

Hahn and Manabe (1975) suggested that the

uplift of Tibet played a key role in the devel-

opment of the Indian monsoon. Tibet serves as

both an obstacle to atmospheric circulation

and as a possible heat source to the atmos-

pheric boundary layer. As such, it perturbs the

general west to east flow of the atmosphere at

mid-latitudes and contributes to the large

standing waves that characterize circulation in

the northern hemisphere (e.g. Manabe and

Terpstra 1974; Held 1983). This was later

extended to suggest that the rise of Tibet and

the Himalaya contributed to late Cenozoic cli-

mate changes (e.g. Raymo and Ruddiman

1992; Ruddiman and Kutzbach 1989).

The possibility that Tibet plays a key role in

the monsoon was given a boost when Harrison

et al. (1992) proposed that Tibet rose abruptly

at �8 Ma, a time when independent evidence

had suggested that the monsoon strengthened.

Later Molnar et al. (1993) developed that idea

further, and much of what I describe here was

presented in more detail by them. 

The collision of India with Eurasia

Some 80 to 100 Ma, much of Tibet was below

sea level. Limestone, deposited in a shallow

sea, was deposited over what is now southern

and western Tibet (e.g. Hennig 1915; Leeder et
al. 1988; Norin 1946). The southern edge of

Eurasia lay deep in the tropics, 1700 ± 600 km

south of its present position along the Indus

and Tsang-po river valleys (e.g. Chen et al.
1993). Still near Antarctica in the southern

hemisphere, India had just begun its migration

toward Eurasia, which at �65 Ma accelerated

to the (geologically) relatively high speed of

�100 mm/yr (e.g Patriat and Achache 1984). 

Then, at 50–55 Ma, India “collided” with

the southern margin of Eurasia (e.g. Garzanti

and van Haver 1988; Searle et al. 1987), which

resembled that of the present-day Andes, with
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Several seemingly independent

phenomena occurring in and around

Tibet at roughly 10 Ma can be related

through relatively simple physical arguments

to convective removal of thickened mantle

lithosphere beneath the Tibetan Plateau.

These phenomena include: (1) the onset of

basaltic volcanism in northern Tibet; (2) the

onset or acceleration of deformation of

surrounding regions, in the Indian Ocean to

the south and in the Tien Shan and Gobi-

Altay to the north; (3) the initiation of

east–west extension, via normal faulting, of

the Tibetan Plateau; and (4) a marked

strengthening of the Indian monsoon.
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volcanoes and perhaps a high, wide belt of

mountains (e.g. England and Searle 1986).

Offshore lay a deep-sea trench, where oceanic

lithosphere was flexed down, before it plunged

beneath southern Eurasia’s margin. Trailing

behind, India too began to be subducted

beneath southern Eurasia. Because continental

crust is light and because the minerals that

make crustal rocks are weaker than those of

the mantle, the subduction process then

changed. The present Himalaya was built of

slices of rock shaved off India’s northern mar-

gin, as India’s mantle lithosphere continued to

move northward and under southern Asia. 

India’s northward drift slowed to roughly

50 mm/yr after the collision, but nevertheless it

has continued to move steadily deeper into

Eurasia (e.g. Molnar and Tapponnier 1975;

Patriat and Achache 1984). The Tibetan

Plateau, by far the highest terrain of its areal

extent, is the most prominent manifestation of

India’s penetration into Eurasia. 

Thickened crust beneath the Tibetan Plateau

supports its �5000 m average height (figure

1). Controversy, however, surrounds the origin

of Tibet’s thickened crust, with two basic ideas

and their derivatives contending. In one (e.g.

Argand 1924), the ancient northern part of the

Indian continent has slid beneath the whole of

Tibet. In the other (e.g. Dewey and Burke

1973; England and Houseman 1986), the

southern part of Eurasia, perhaps once

2000 km wide, has been shortened to half its

initial width. Although some underthrusting of

Indian crust, perhaps a few hundred kilome-

tres, beneath southern Tibet seems likely, I

think that Argand’s idea that India has under-

thrust all of Tibet can be ruled out. Palaeo-

magnetic measurements from southern Tibet

imply roughly 1700 ± 600 km of convergence

between southern Tibet and Siberia (e.g. Chen

et al. 1993). Accounting for this shortening

and also allowing for roughly 1000 km of

underthrusting of Indian crust beneath Tibet

seems impossible. The construction of the

Tibetan Plateau seems to have occurred in

large part by steady penetration of India into

Eurasia and by the resulting thickening of

southern Eurasia’s crust.

Lithospheric thickening

Airy’s (1855) concept of isostasy (Archimedes’

Principle applied at a larger scale than the clas-

sic scientist imagined) provides a simple physi-

cal mechanism for the static state beneath high

terrain: thick crust stands high, as does an ice-

berg in the ocean. At some depth in the outer

part of the Earth, pressure varies laterally by

only negligible amounts, and the mass above

this “depth of compensation” is the same

everywhere. Yet, creating that state of thick-

ened crust poses another obstacle. 

We commonly subdivide the static Earth into

layers that differ in chemical composition:

below the air and water, the crust overlies a

heavier (by �15%) mantle of iron-magnesium

silicate, which in turn overlies a heavier, nearly

pure iron, core. For appreciating the large-

scale dynamics, however, another layered

structure is more useful. The lithosphere, a

strong outer layer through which heat is con-

ducted, overlies a much weaker layer, the

asthenosphere, in which convection transports

heat most efficiently and maintains, on aver-

age, a gentle adiabatic temperature gradient

and modest horizontal pressure gradients.

Crust is merely the top part of the lithosphere.

By virtue of its low temperature, mantle lithos-

phere should be gravitationally unstable. It

does not readily sink, however, in part because

the light crust attached to its top buoys it up,

but largely because its strength resists defor-

mation and maintains large plates of lithos-

phere that move horizontally with respect to

one another over the Earth (plate tectonics)

and sink only in localized subduction zones. 

If crust is shortened hor-

izontally and thickened, as

we observe at mountain

belts, the underlying man-

tle lithosphere should also

shorten, and presumably

thicken (figure 3). Beneath

the thickened crust there

should be thickened litho-

sphere, cold material.

Being cold, this thickened

lithosphere should be

more dense than the adja-

cent asthenospheric man-

tle. Simple calculations

(e.g. Molnar et al. 1993)

show that normal crust

thickened two times and

compensated by Airy’s

isostatic mechanism

Tibetan tectonics
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Fig. 2: Looking southeast from Ulugh Muztagh in
north Tibet. Dark areas in the middle distance are
cinder cones; the far peaks are 300 km away.

Removal of the lower part of thickened

mantle lithosphere beneath Tibet not only

could have heated the remaining mid-

lithosphere above its solidus to account for

the volcanism, but also provides a simple,

plausible mechanism for abruptly uplifting

the plateau. An uplift should augment the

gravitational potential energy stored by the

plateau that, in turn, powers the normal

faulting and deforms the surroundings.

Moreover, increased absorption of solar

radiation by a higher plateau might heat the

atmosphere above it sufficiently that its

temperature structure exceeds a threshold

necessary for a strong monsoon.
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should stand 5–5.5 km above neighbouring

crust of normal thickness. Yet, if the entire

mantle lithosphere were thickened, the weight

of the lithospheric root should pull the surface

down by 1–1.5 km; the plateau above would

stand not at its present 5–5.5 km, but closer to

4 km high.

Although convective flow exploits the poten-

tial energy in a vertically unstable density

structure, in a dynamic state, stress associated

with flow is balanced by forces associated with

horizontal variations in density, and therefore

temperature. With sufficient strength, an

unstable density structure can persist until the

lateral gradients becomes sufficiently large.

Thus the lateral variation in temperature, and

hence density, associated with thickened lithos-

phere creates an instability that threatens the

excess thickness with self-destruction. Then, if

the lower part of the thickened lithosphere can

detach from the overlying colder part and sink

into the asthenosphere, the removal of that

load of relatively heavy material will alter the

isostatic balance. The rest will rise, roughly 1

to perhaps as much as 2.5 km for Tibet,

depending upon how much lower lithosphere

is removed (e.g. Molnar et al. 1993).

The uplift of an already quite high region

should have several effects on both the uplifted

region and its surroundings. First, the rapid

removal of cold material and its replacement

by hotter material could heat the remaining

colder material sufficiently to melt it. Secondly,

the rise in elevation of the already high terrain

increases the gravitational potential energy

stored in its underlying crust and upper man-

tle, and by analogy with the raising of a fluid

in a container, the pressure, and hence com-

pressive stress, applied to the margins should

increase. The increased compressive stress

might be sufficient to deform the surroundings.

Moreover, the uplift should alter the state of

stress within the high terrain; by increasing the

vertical compressive stress at depth, the devia-

toric stress state can switch from one favouring

horizontal compression and thrust faulting to

another favouring horizontal extension (verti-

cal compression) and normal faulting. In short,

an uplift of a high terrain could throw it into a

state where it begins to collapse. Finally, the

uplift of a region the size of Tibet should pro-

foundly affect atmospheric circulation. Below,

I cite examples of all such changes that one can

associate with an abrupt uplift of Tibet. 

Convective removal of a thickened lithos-

pheric root should set up an underlying circu-

lation in which (1) cold material sinks beneath

parts of the thickened crust, (2) the basal part

of the surrounding lithosphere is drawn later-

ally into the downwelling zone, and (3) hotter

material from below rises to replenish the

material stripped from beneath the lithosphere.

This circulation should reveal itself in large lat-

eral variations in Earth structure. If one of the

most amazing aspects of Tibet is its remarkable

flat topography extending over an area the size

of France and at an altitude greater than that

of Mont Blanc (figure 2) (Fielding et al. 1994),

a second extraordinary aspect is the enormous

lateral heterogeneity in structure concealed

beneath that flat surface. The variation in

crustal thickness beneath Tibet, of 20 to per-

haps 25 km (Brandon and Romanowicz 1986;

Molnar 1988), exceeds the difference between

that under most mountain ranges and adjacent

lowlands. Variations in travel times of shear

waves beneath Tibet are comparable with dif-

ferences between paths through unusually cold

and unusually warm upper mantle (e.g. Mol-

nar 1990; Woodward and Molnar 1995). The

structure beneath north-central Tibet seems to

include relatively thin crust, compared with the

rest of Tibet, and relatively hot upper mantle,

which requires isostatic compensation of this

area to result in part from relatively light

uppermost mantle. 

Thus, these simple observations suggest that

the upper mantle beneath Tibet is in a dynam-

ic state with upwelling of hot material in

north-central Tibet and downwelling in west-

ern and southern Tibet (Molnar 1988). Travel

times of P waves from earthquakes in southern

Tibet corroborate the suggestion of a cold

tongue of material sinking beneath this area

(Zhou et al. 1996).

Basaltic volcanism in Tibet

The large lateral variations in upper mantle

structure correlate with another feature sugges-

tive of lateral variations in temperature: the

distribution of young basaltic volcanoes and

lava flows. Though volumetrically small, late

Cenozoic basaltic lavas can be found over

much of north central Tibet (e.g. 1992; Hennig

1915; Littledale 1896; Turner et al. 1996). The

basaltic composition implies that mantle, not

crustal, rock melted to form these volcanoes.

Yet more diagnostic of the source are high con-

centrations of large-ion lithophile elements and

their different radiogenic isotopes, which sug-

gest that mantle lithosphere, not asthenos-

phere, melted. Because of the large ionic radii

of these elements, they do not fit snugly into

the crystal lattices of most rock-forming min-

erals. When minerals first melt, large-ion

lithophile elements rapidly enter the melt

phase, enriching it in these elements. The upper

asthenosphere is thought to be partially

molten, and these small melt fractions, also of

low viscosity, can migrate upward into the

overlying lithosphere. Millions of years of slow

seepage of small melt fractions from the par-

tially molten asthenosphere, replenished con-

tinually by convection, has altered the compo-

sition of the overlying lithosphere, enriching it

in incompatible elements (Brooks et al. 1976;

McKenzie 1989). Remelting of the lithosphere

then spits these elements back out into the

lavas that erupt in places like Tibet. 

This chemical signature of marked enrich-

ment of incompatible elements cannot be

uniquely associated with melting of lithos-

phere, and more than one mechanism can pro-

vide the necessary heat for such melting. Yet,

clearly convective removal of basal lithosphere

and its replacement by hotter asthenosphere

can abruptly heat a portion of the middle

lithosphere that had been well below its solidus

(�1000 °C) to �1300 °C, sufficient to melt it

(e.g. Turner et al. 1996). 

Dating of the basalt in Tibet shows ages as

old as 13 Ma, but with most younger than

10 Ma (e.g. Turner et al. 1996). If convective

removal of mantle lithosphere accounts for this

volcanism, it too must have occurred since

�13–10 Ma.

Deformation surrounding Tibet

The essence of plate tectonics is rigid-body

movement of lithospheric plates. Such a simple

description applies best to oceanic lithosphere,

within which earthquakes are rare and moun-

tains do not form, except at the edges of sepa-

rate plates. The exception that proves the rule

of rigidity lies in a zone roughly 1000 km wide

in the northwestern Indian Ocean, where large

earthquakes occur (Stein and Okal 1978) and

long-wavelength folds and belts of localized

deformation (e.g. Eittreim and Ewing 1972;

Weissel et al. 1980) accommodate a few mil-

limetres per year of north-south shortening

(Gordon et al. 1990). Dating of sediment near

one of the folds gives an age of about 7.6 Ma

for the initiation of folding (Cochran 1990). 

Both the timing of folding and the magnitude

of stress needed to create the folds can be relat-

ed to changes within Tibet. Such folding is

resisted by two forces: not only viscous

strength of the material but also gravity. In the

creation of folds mass must be lifted, requiring

work be done against gravity, and to create

synclines, again work must be done to force a

light mass downward into a more dense sub-

stratum (e.g. Ricard and Froidevaux 1986). A

peculiarity of the folds in the northeast Indian

Ocean is that they are best developed where

sediment is thick and where sedimentation was

rapid enough to keep pace with the folding,

even though the lithosphere is thick and strong

there. Thus, in sedimented regions, anticlines

grow not into the overlying, light water, but

into a basin of heavier sediment. Just as it is

easier to lift a weight submerged in water than

in air, the resistance to the folding imposed by

gravity will be smaller for folds submerged in

sediment than only in water. Using the preva-

lence of folding in thick sediment and its near

absence in thin sediment, one can avoid

extrapolating the uncertain flow laws of rock

Tibetan tectonics
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to estimate the force per unit length

needed to cause the folding. As dis-

cussed below, a force per unit length

of 4.4 ± 1.2 × 1012 N/m needed to cause

the folding where sediment is thick

(Martinod and Molnar 1995) is pro-

vided by a high but not a low Tibetan

Plateau. Even the present plateau,

however, cannot account for the

required force of 10 × 1012 N/m need-

ed to deform lithosphere where sedi-

ment is thin or absent.

Simultaneously with folding in the

Indian Ocean, mountain building

north of Tibet accelerated. North-

south crustal shortening �1000 km

north of Tibet built the Tien Shan, the

highest mountain belt outside of the

Himalaya–Tibetan region, after India

collided with Eurasia. It follows that

India’s penetration into Eurasia is

responsible for that shortening and

thickening. Roughly 200 km (under

250 km) of convergence between the

Tarim Basin and the Kazakh Platform

to the north have occurred (e.g.

Avouac et al. 1993; Ulomov 1974), a

small fraction of India’s 2000

–3000 km of penetration since the col-

lision. An extrapolation of measure-

ments of the present-day rate of con-

vergence across the Tien Shan,

however, yields a rate for the entire

belt of �20 mm/yr, nearly half the rate

of convergence between India and

Eurasia in this area (Abdrakhmatov et
al. 1996). The simple arithmetic of

dividing a total amount of shortening

by the current rate calls for accelerat-

ed convergence across the Tien Shan

during the last 10 Myr. 

East-northeast of the Tien Shan,

more high terrain seems to have devel-

oped in Late Cenozoic time. Kurushin

et al. (1997) inferred that the uplift of

Ih Bogd, the highest mountain in the

Gobi-Altay of Mongolia, also began

between 5 and 10 Ma.

The steady penetration of India into

Eurasia, since the collision between

them at 50–55 Ma, requires crustal

shortening, which built the Himalaya

and the Tibetan Plateau. The more

recent deformation both in the Indian

Ocean and in the Tien Shan and Gobi-

Altay, however, indicates a change in

Eurasia’s response to India’s penetra-

tion. A simple explanation for a change in

Eurasia’s response is that discussed above;

removal of mantle lithosphere from the base of

Tibet would have allowed the plateau to rise.

As an increase in the height of water in a water

tower increases the pressure applied to the

walls of the tower, an increase in the

mean altitude of a high plateau at

�10 Ma requires an increase in the

force per unit length that the plateau

applies to its margins, where it could

initiate or accelerate deformation.

Normal faulting within Tibet

The Tibetan Plateau was built by

crustal thickening, apparently by

thrust faulting and folding, but the

current style of deformation is virtual-

ly the opposite. Tibet is laced with

normal faults and connecting strike-

slip faults that require east-west

extension of the plateau (e.g. Armijo

et al. 1986, 1989). Essentially all

earthquakes within the plateau indi-

cate such styles of faulting (e.g. Mol-

nar and Lyon-Caen 1989), different

from the crustal shortening that had

created the plateau and obviously

requiring a change in the dynamics.

Although gravitational potential

energy stored in the high plateau

powers its current east-west exten-

sion, such potential energy is created

by crustal shortening. Thus, Tibet

serves as the “pressure gauge” of Asia

(e.g. Molnar and Tapponnier 1978).

Continued convergence between India

and Eurasia occurs, but rather than

building a higher plateau, the conver-

gence is absorbed by the plateau

growing outward and increasing in

areal extent. Extension, however,

requires that the crust thin, which in

turn requires a loss of potential ener-

gy. The change to extension should

not happen in a steady-state regime,

without some additional triggering or

causative process (England and

Houseman 1989). 

A simple mechanism for altering the

state of stress within the plateau is for

it to rise. As the walls of a water

tower may respond to increased pres-

sure by moving apart, extension with-

in Tibet is the response to increased

elevation. Of course, the mean alti-

tude of Tibet will not rise without a

cause, but as noted above, removal of

thickened mantle lithosphere beneath

it provides a simple mechanism. 

It is a relatively simple matter to cal-

culate the force per unit length that

Tibet applies to its surroundings; one

merely integrates, over depth, the difference

between pressure under the plateau and that

under the surrounding lower region (figure

4a). For simple Airy isostasy, this force per unit

length increases with height. For the force per

unit length to exceed the value of

Tibetan tectonics
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Fig. 4: Profiles of pressure (p) as a function of
depth and differences in potential energy (shaded).
4a: For Airy isostasy, p is higher beneath higher
terrain through the crust. 4b: For thick mantle
lithosphere, p is lower in the lithosphere root. 
4c: Removing the lithosphere root by convection
raises the potential energy of the rest of the range.
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4.4 ± 1.2 × 1012 N/m, needed to induce

folding of the Indian Ocean lithos-

phere, the height of the plateau must

exceed 3.5 ± 1 km. A simple calcula-

tion, however, shows that for thicken-

ing of the entire lithosphere, the calcu-

lated force per unit length can be very

small (figure 4b), and perhaps negative

(England and Houseman 1989). Thus,

a rapid convective removal of the lower

part of thickened mantle lithosphere

could abruptly throw the deviatoric

stress within the overlying plateau from

horizontal compression into extension. 

For virtually all plausible density structures

for the crust and mantle in roughly isostatic

equilibrium, crustal thinning requires that the

surface decrease in mean altitude. Present-day

normal faulting implies that the surface of

Tibet is subsiding, and hence that it attained its

highest mean altitude in the past. So the onset

of normal faulting gives an approximate date

when the altitude was maximum. 

Only one normal fault system has been stud-

ied in sufficient detail to yield an accurate date:

8 ± 3 Ma (Pan and Kidd 1992), and subse-

quently refined to 8 ± 1 Ma (Harrison et al.
1995), though Harrison et al. (1995) reported

comparable preliminary dates from two other

localities. As the area of Tibet is large, even

dates from three widely spaced localities do

not assure that the entire plateau reached its

maximum elevation at the same time, and

common sense would suggest that different

parts rose this last 1–2 km at different times.

Nevertheless, these dates concur with the idea

that the plateau rose some 1000 m, to perhaps

as much as 2500 m, at approximately 10 Ma.

Strengthening of the Indian monsoon?

The newspapers commonly associate the mon-

soon in India with heavy rains, but to a mete-

orologist the more important phenomenon is

the change in prevailing wind direction. In the

summer monsoon, winds blow northeast

toward India, which becomes hot and rising

hot air establishes a low pressure centre. In

winter, cooling of this area creates a high-pres-

sure centre from which surface winds blow.

Because of the Coriolis effect, the effect of a

steady wind on the open ocean is to blow the

water obliquely to the wind direction and to

transport the surface water perpendicular to

the wind direction (Ekman transport). Deeper

water upwells to replace the surface water.

Because deep water is rich in nutrients, aquat-

ic life abounds in regions of upwelling. One

micro-organism, Globigerina Bulloides, thrives

in regions of upwelling associated with the

monsoon, blooming during the monsoon and

virtually disappearing in the seasons between

monsoons (Curry et al. 1992; Prell et al. 1992). 

Kroon et al. (1991) and Prell et al. (1992)

showed that the presence of G. Bulloides in

cores obtained from deep-sea drilling of the

northwest Indian Ocean abruptly switched

from being a relatively rare species to the dom-

inant species at about �8 Ma (figure 5).

Assuming G. Bulloides to be an indicator of

the monsoon, they suggested an abrupt

strengthening of the monsoon at about 8 Ma.

Prell et al. (1992) also reported increases in

other micro-organisms sensitive to upwelling

at �8 Ma. Moreover, changes in both carbon

and oxygen isotopes in pedogenic carbonate

sediment from Pakistan had shown abrupt

changes near 6–8 Ma, which Quade et al.
(1989) associated with a strengthening, if not

the onset, of the monsoon, though this inter-

pretation is not unique (Cerling et al. 1993). 

Calculations made using Global Circulation

Models with topography like present and with

lower elevations have been used to argue that

the Tibetan Plateau plays a major role in the

generation of the monsoon (e.g. Kutzbach et
al. 1989; Hahn and Manabe 1975; Ruddiman

and Kutzbach 1989). Yet these calculations

seem to lack the resolution to understand the

correlation between an apparently abrupt

strengthening of the monsoon and a small

change (1–2 km) in the height of the plateau.

The basis for Tibet’s playing a role in forcing

the monsoon lies in the plateau’s being a heat

source for the atmosphere above it. Being high,

its surface receives more solar radiation than

lower regions. Depending on the extent to

which water vapour, CO2, and other “green-

house” gases in the thin atmosphere above it

absorb infrared radiation, the air immediately

above Tibet could be hotter than the air at the

same pressure, or altitude above sea level, over

India. Ignorance of radiative–convective equi-

librium, especially over regions such as Tibet

where little is known of surface moisture, does

not permit a demonstration that Tibet is such a

heat source. Nevertheless, measurements made

during one monsoon do suggest that the

atmosphere over Tibet was unusually warm

during that monsoon, much warmer than that

over India to the south at the height of the

plateau (Luo and Yanai 1984). 

A theoretical study by Plumb and Hou

(1992), who considered a zonally symmetric

atmosphere, may provide a key to

understanding the role that a rapid

uplift of Tibet (of 1000–2500 m, not

the full 5000 m) might play in abrupt-

ly strengthening the monsoon. Building

on the work of Held and Hou (1981),

Lindzen and Hou (1988), and Hou and

Lindzen (1991), Plumb and Hou

(1992) argued that the pressure gradi-

ent toward the equator must exceed a

threshold for it to drive a meridional

circulation, a flow analogous with that

of the Indian summer monsoon. A hot

atmosphere over Tibet in summer will establish

a low-pressure centre over the plateau near the

surface, but to maintain flow, the pressure at

the tropopause above Tibet must be high, cre-

ating a pressure gradient from Tibet toward

the equator. In the absence of significant vis-

cous resistance, however, the Coriolis force,

not viscous drag, balances pressure gradients,

and in a zonally symmetric atmosphere, a pres-

sure gradient should drive easterly or westerly

flow (i.e. the jet stream), but need not cause a

meridional flow. Plumb and Hou (1992)

showed that the meridional temperature gradi-

ent must exceed a threshold for it to drive a

monsoon-like circulation.

Plumb and Hou’s (1992) key assumptions are

that the viscosity of air is negligible and that

the angular momentum of an air parcel is con-

served. Angular momentum density (per unit

mass) of an air parcel is given by:

M =Ωa2cos2φ+ uacosφ (1)

where Ω= Earth’s rotation rate, a = radius of

Earth, φ= latitude, and u = eastward compo-

nent of the wind velocity, v= (u,v,w). Conser-

vation of angular momentum of an air parcel

implies that: 

= + v.∇M = 0 (2)

For steady state, ∂M/∂t = 0. Thus, v must be

perpendicular to the gradient in angular

momentum density, and for a meridional com-

ponent of wind velocity to exist, ∂M/∂φ= 0. 

Because wind speeds vary with height, sur-

faces of constant angular momentum density

ordinarily will not be vertical. To create a ver-

tical structure of wind speeds, such that

∂M/∂φ= 0, requires both vertical and horizon-

tal temperature gradients so that contours of

M become flat at the tropopause (figure 6).

Weak temperature (and moisture) gradients

should be incapable of producing the necessary

pressure gradients for ∂M/∂φ= 0, and merid-

ional circulation should not be possible. Only

for sufficiently large gradients will that thresh-

old be reached and will meridional circulation

become possible. Lindzen and Hou (1988)

showed that the further a zonally symmetric

heat source is from the equator, the stronger

the meridional circulation will be, once the

∂M

∂t

dM

dt
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threshold is exceeded. Later, Hou

and Lindzen (1992) showed that a

localized zone of heating would

produce a stronger circulation (or

would more readily exceed

threshold) than a more distrib-

uted source of comparable power.

It follows that such a threshold

phenomenon is not likely to be

recognized with General Circula-

tion Models, whose grid spacing

would be too coarse. 

Recently, Emanuel (1995) gen-

eralized these results both for a

moist atmosphere and for merid-

ional circulation caused by zonal-

ly varying heat sources, subject to

the limits of geostrophic flow. He

showed that Plumb and Hou’s

(1992) threshold criterion can be

expressed in terms of spatial vari-

ations in equivalent potential

temperature at saturation, an adi-

abatic measure of both tempera-

ture and specific humidity. The

threshold condition applies to a

function like a two-dimensional

Laplacian operating on lateral

variations in equivalent potential

temperature. This accounts for

Hou and Lindzen’s (1992) obser-

vation that the threshold condi-

tion was more easily met by localized heat

sources. The work of Emanuel, Held, Hou,

Lindzen, and Plumb, therefore, offers a simple

physical basis for understanding how a partial

uplift of Tibet might exceed the threshold for a

monsoonal circulation. 

Conclusions

There are two common themes to the story

presented above. The first is that three of the

observations – normal faulting in Tibet, defor-

mation of the surroundings, and the suggestion

of a strengthened monsoon – can be related, if

not uniquely, at least quantitatively, to a

change in the mean height of the plateau (e.g.

Harrison et al. 1992; Molnar et al. 1993).

Clearly none of these arguments requires an

increased height of the plateau, though the ini-

tiation of normal faulting is difficult to explain

without such a change. Second, both the vol-

canism and a proposed change in the mean

height of the plateau, as well as the magnitude

of lateral heterogeneity in the mantle beneath

Tibet, can be explained by convective removal

of a thickened mantle lithosphere, a lithos-

pheric root, beneath Tibet. Again, the explana-

tion is not unique, but it is quantitatively con-

sistent. Although there can be no doubt that

assigning the strength of the Indian monsoon

to mantle dynamics beneath Tibet beginning at

�10 Ma is speculative, its mere plausibility

illustrates the trend of the earth sciences from

a 19th century qualitative natural science to a

20th century quantitative physical science. �
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tèmes Géologique, IPG, Université Paris 7,75252
Paris Cedex 05, France, and Dept of Earth, Atmos-
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Fig. 6a: Without heating, angular momentum
density depends only on latitude. 6b: For weak
heating, pressure gradients drive flow north to the
pole and south to the equator. 6c: A strong heat
source makes meridional circulation possible.
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