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THE ROLE OF THE QINGHAI-XIZANG PLATEAU IN FEEDBACK
MECHANISMS AFFECTING THE PLANETARY CIRCULATION

Elmar R. Reietr
(Professor of Aimospherio Scienos Colorado State University)
Ding Yi-hui
(deademia Sinica. Beifing Visiting Scientist, Colorado Siale University) -

1. Iatroduction: Review of Problems

Tt has been recognized for some time that the Qinghai-Xizang plateau has an im-
portant influence on the seasonal behavior of the atmospherie cireulation. The high
mountein ranges offer a formidable barrier -against the meridional and zonal flow of air
masses, hence restrict the movement of fronts in the lower troposphere and of jet
streams near tropopause level (Ramage, 1952), '

Wagner (1981} pointed out that the Indian summer monsoon eirculation reaches
only to a height of about 5 or 6km and does not represent the simple eonsequence of
air masses rising in & ‘‘chimney effect’’ over a heated continent. The monsoonal flow
patterns are elosely tied to the jet-stream behavior whieh, in turn, is affected by the
Qinghai-Xizang platean. )

During winter the westerly jet stream impinging on the mountsin ranges tends to
split into two branches. The subtropical branch flows eround the southern slopes of
the Himalayas while the polar front jet flows around the northern edge of the plateau.
Buch jetstream splitting has been observed by several authors (Yeh, 1950; Yeh and
Koo, 1956; Yeh, Dao and Li, 1959; Academia Siniea, 1957, 1958a, b). Bplitting of the
jet stream can be explained from considerations of potential vorticity being eonserved
in flow over the mountaing (Bolin, 1950; Charney q‘nd' Drazin, 1961; Reiter, 1963,
1969). More about potentisl-vortisity conservation will be diseussed later,

Yin (1949) found that the onset of the Indian summer monscon is associated with
the disappearance of the westerly jet stream south of the Himalayas (see also Yeh,
Dao and Li, 1959). An easterly jet stream takws its place (Eoteswaram, 1958) along
which travel the rain-producing monsoon disturbances. In September-October the reap-
pearance of westerlies south of the Himalayes signals the sudden retreat of the monsoon
(Reiter, 195%; Reiter and Heuberger, 1960; Koteswaram, 1358).

Flohn {1964) showed that the thermal structure of the atmosphere over India and
China during, Summer contains a warm core over the southern slopes of the Himalayas.
It thus appears that the release of latent heat in monsoonal precipitation systems is an
important energy sourck that maintains the upper-tropospheric eirculation systems over
Asfa during summer. The heating of the Qinghai-Xizang platean during spring, at best,
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is a triggering mechanism that brings into effect the onsef of the monsgon. The mosnte-
nanee of the monscon is then largely due to latent-heat release along the foothills of
the Himalayas.

In summmary, we can ascribe the following effects to the Qinghai-Xizang platean,
hoping to find, corroborating evidence for these effects:

(a) Qensration of planetary-scale wave disturbances.

(b} Thermal effects on the atmosphere and its wave perturbations due to a large-
seale elevated heat (eold) souree, depending on season.

(e} Anchoring of precipitation regimes into preferred loeations, providing & cer-
tain.amount of persistence to monsoonal weather regimes.

It is rather difficult to isolate the specific impact of the Qinghsi-Xizang platean
from similar effects oceurring elsewhere around the hemisphere. Planectary waves are
also generated by the American Rocky Mountains. The wave-patterns resulting from
both, the Himalayas and the Rocky Mountains, therefors, are expected to fnlfill cer-
tain resonance conditions, which will depend on the gereral nature of the (zonal)
mean flow eonditions in the atmosphere, hence are a funetion of time, especially of sea-
gon. We algo have to expect a certain amount of interannusal variability in the puare-
Iy orographically foreced planetary wave behavior caused by changes in hemispheric jet
stream strength from one year to the next, and changes in the attitude and latitude
of impingement of these jet streams on the majpr mountain ranges. These factors are
not so mueh controlled by topography but by thermodynamic foreing suck as large-
seale meridional and longitudinal temperature gradients, It has been shown, for in-
stance, by Tucker (1980) that the torque exerted by mountain ranges on the general
circulation of the stmosphere has a strong seasonal cyele for the two aforementioned
reasons - - - even though the mountains remain stationary. This seasonal effeet prompts

‘us to the conclusion that a certain interannual variability of mountain torque, and of

planetary wave exeitation by mountain ranges, should be expected.

Indieations of the interannual variability of the mean zonal flow conditions in the
atmosphere can be obtained from Fig. 1 which shows departures from the long-term
means of monthly values of zonal available potential energy, 4. averaged over the
layer 1000 mb to 100 mb and over the hemispherie area poleward of 20°N. The be-
havior of A, provides a measure of the fluctuations in the mean meridional tempera-
ture gradieat which, in turn, drives geostrophically the mean zonsl flow. That flow,
however, controls the resonsnce conditions' of orographically gemerated, planetary
waves. '

Changes in the mean meridional temperature gradient also have a noticezble effect
on other parameters characterizing the gemeral eirculation of the atmosphere. Korif
and Flohn (1969, see Flohn, 1978) have provided evidence that the position of the sub-
tropical high-pressure belt méves equatorward with inereasing meridional temperature
gradient. This observation has been used to argue that cooling trends confined to polar
regions might lead to droughts in the regions south of the normal positions of the
subtropical antieyelones, the Sahelian drought of the early 1970's being & primary
example.

The thermal effects on the atmosphere and its planetary-wave behavior are not
restricted to the Qinghai-Xizang plateau, but are experienced where there are signi-
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Fig. 1. Departures of monthly mean values of AI {upper portion

of diagram) and of the sum of zona] available potential
energy {AE), ronal kinetfc energy {Kz) and eddy kinetic

energy (K} {Tower portion of diagram) in 10° Ju-2 from

their respective long-term monthly mean values. Dots and
thin Yines represent actual monthiy mean values, heavy
lines were gbtained by application of a seven-month
running-mean filter. Vertical coordinate lines indicate
the wonth of January of -each year, (Reiter, 1979d.)

ficant heat sources and sinks. Moreover, most of these sources are subject to seasonal
a8 well ay interannual variability, Chen and Yan (1978) suggested that the inter-
annual variability in the snow-cover of the Qinghai plateau might have an impact on
large-scale circnlatior patterns. Research by Namias {‘15"78_) , Barnett and Preisendor-
fer (1978) and Reiter (1978a, b, ¢; 1979a, b, ¢, d) points towards an impact of sea-
surface temperature (SST) ancmalies on large-scale circulation patterns, Erkla and
Kukla (1974) investigated the possible effects of interannually varying countinental
#now cover on general-cireulation variability, Charney (1975) developed a mode] that
suggests the existence of a feedback hetween surface albedo and vertical motions en-

teiling precipitation. From all these diverse pieces of evidence it appears that the pos-
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sible thermal and albedo-related effeets of the Qinghai-Xizang plateau will have to be
viewed in the coniext of othar forcing or feedback events elsewhere on the globe.
Similar reasoning holds for the precipitation regimes, monsoonal or otherwise, that
appear to be anchored to the Himalayan region. The interannual variability of mon-
soonal precipitation along the southern slopes of the Himalayas undergoes consider-
able interannual variability, so does the snowfall on the Qinghai platean, as pointed
out by 'Chen and Yan (1978}, We have to suspect that other regions of the globe are
implicated as well in these variabilities through far reaching feedback mechanisms in-
volving relatively long time scales. It has been known, for instance, since the days of
Walker (1924) that the ‘‘southern oscillation’, ie. the see-sawing pressure anomalies
over the South Paecific and the South-Indian Oceans, relate to the Indian summer mon-
soon activity. Reiter (1979a) showed that the same southern oscillation is strongly
related to the convergence between the North and Sputh Pacific trade-wind systems
and the precipitation which falls in the so-called dry region of the Equatorial Pacific,
e.z. in the Line Islands region. The implied telationship between the Hadley and
Walker cirenlations has been demonstrated by Chen (1977), Chen and Luo (1979) and
Fu (1979). Cornejo-Garrido and Stone (1977) pointed towards the fact, that the Walk-
er circulation in the Pacific appears to be driven by the release of latent heat, in
ngreement with the trade-wind and precipitation behavior found by Reiter, The sug-
gestion by Fu that the Walker circulation behavior is related to SST anomaly varia-
tions i3 corroborated by the fact that trade-wind convergence, equatorial precipitation
(Fig. 2), state of the southern oscillation (Fig. 8) (Berlage, 1366), and SST off the
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Fig. 2. Mean Pacific trade-wind v-component anomalfes (-vy , +v¢ , )/2

«. {(heavy 1ine), and precipitation index for Line Isiand {thin 1line).
This index is obtained by assigning the value 100 to the -largest
positive monthly anomaly at the station, and the:value 0 to the
largest negative anomaly. The remainder of the anomalies are
distributed according to their percentile between 0 and 100. This
procedure gives equal weight to dry and wet stations and to dry
and wet seasons. Seven-month smoothing was applied to both curves.
The heavy smooth lines represent 2 least-squares, third-order

polynomial fit.
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eoast of Peru, indicating the oceurrence of Bl Nifio events (Fig, 4) all show a close
interrelation. It should be regarded as more than coineidence that years with major
El Nifio occurrences also are charaeterized by major stratepsherie polar-vortex braak-
downs in the northern hemisphere (Reiter, 1980). Ding and Reiter (1980a, b) showed
that the interannual variability of typhoon frequency in the Pacific is modulated by
shifts in subtropical and tropical pressure systems similar to the ones observed by Chen
and Yan (1978) that characterize the variability of snowfall in the Qinghai plateau,
as well as the interannual variability of polar-vortex hehavior.

Thus we have mounting evidence that:

{a) The effects of the Qinghai-Xizang platean on the cirenlation patterns of the
atmosphere undergo considerable interanmual variability;

{b} These effects are ied to a complex tetwork of ““telscomnections’’ involving
stmospheric circulation characteristies in high and low latitudes, even in the southern
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fig.. 3. Southern oscillation, as indicated by
surface pressure anomalies at Jakarta,
Indonesia. (From Berlage, 1966.)

hemisphere, and-also suggesting feedback mechenisms with the veeans;
() Some of these teleconnections persist over time acales of several months,
leading to seasonal anomalies in certain meteorelogical parameters, such as tempera-
ture, precipitation and tropical cyclone activity. We suspect that these persistent fea-
tures in anomaly patterns involve not only regional forcing effects (such as albedo
changes due to variations in the snoweover of the Qinghai platean) but feedback me-
chanisms of much larger, perhaps hemispherie or even global scale. The same suspicion
prompts us to the admission, that any effec's that the Qinghai-Xizang plateau has on
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Fig. 4. Monthly anomalies of sea-surface temperature {=C)
from the long-term {52-year) mean {thin lines) and
7-month running-mean values of SST anomalies
(slightly heavier lines). ‘

atmospheric strueture and circulation, will not remain confined locally or even re-
gionally, but will have hemispherie, perhaps even global reverberations. Therefore, the
Qinghlzi region and its meteorology becomes an impertant concern for global climate
research.
. -2. Theoretical Approaches

In trying to find an explanation for the observed distortions in the large-scale
stmospheric flow which are seemingly produced by large mountain ranges, a number
of theories have been advaneed. A recent summary by Smith (1979) provides an ex-
cellent overview of this theoretical work. Charney and Drazin (1961) used vertically
integrated quasigeostrophic flow, subjected to numerous restrictions, such as siationa-
rity of the perturbations, and background zonal winds constant with height. In spite
of these simplifieations, Charney and Eliassen (1949) and Bolin (1950) were able to
reproduce a number of features in their model caleulations  that are actnaly observed
in midlatitnde flow patterns downstream from mountain ranges, such as the troughs
to the east of the Rocky Mountains and of the Qinghai-Xizang platean.

Tn these earlier theories the shape of the mountains was ¢hosen as

1
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h(z, y) = h,coslycos ke (D
The distance between the bounding latitudes, at which the orographic effects were as-
sumed to vanish, is /¢, The inverse of the longitudinal secale of the mountains, %,
must be chosen so that it fits with an integer number, », of waves with Iength, A, into
the circumference of a latitude cirele, L=2wa eos & {a=earth’s radius, é#=latitude).
The eondition for %, therefore, is
o () mwims @

which is quite restrictive. -
From the above-mentioned theory a stream function, W, ean be derived which

describes the quasi-geostrophic mean tropospheric flow conditions around the hemisphere
as a function of z and y
- fh./H ] ® x
Pz, =[—-—”’— coslycoskr for — — << Iy << —— 3
(. y) rE—y ¥ 5 y<s (3)
The curves of constant values of W can be interpreted as streamlines of this highly
simplified and idealized flow. (f=2 Q sin ¢, Coriclis parameter; Q=earth’s angular

velocity ; fm mean height of the mountains; H =pl j p(z) de is the scale height of
L
the atmosphere; f=change of the Coriolis parameter with latitude, approximated as

being constant.}
The interesting conclusion emerges from Eqn. {3) that for mountains with relative-
iy small longitudinal and meridional scales
B+ B>g/u (4)
Under such conditions, aceording to Egqn. (3), the. amplitude expression in brackets
will be positive, meaning that the streamlines will be displaced northward over regions
of high ground and southward over regions with low ground. Planetary ‘‘long’ waves

are formed.
If however, the horizontal seale of the mountains is so large that

B4+ < g/U (5)
the inverse displacement of streamlines occurs, and ‘‘ultralong’’ planetary waves are
formed (Fig- 5). Winter conditions in Asia seem to favor the formation of such ultra.
long waves, as the subtropieal jet stream forms a trough in flowing around the southern
edge of the Qinghai-Xizang plateau.

Near

gl =+ 1 (6)
the amplituﬂe in Eqn. (3) should become exceedingly large, respresenting a stand-
ing Rossby wave. ) ,

A Fourier decomposition of the actual topography of the earth will force ‘‘ultra-
long’’ as well as ““long’’ planetary waves which, according to linear theory, will be
superimposed over each other, giving a rather complex atmospherie wave pattern.
Sinee the condition of Eqn. (2) strongly restricts the waves that are allowed to form,
it is unlikely that the resonance wave of Egn. (6) will actually be excited, The flow
will, however, be dominated by waves that approach this resomance condition.
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Fig. 5. The orggraphic perturbations to a westerly wind
according to the vertically integrated model.

For k2 = kz + 12 >B/U, the pressure disturbance

and meridional streamline displacement are in -
phase with the orographic height (so-called
long-wave behavier). For longer waves

(k2 <B/U) there is southward displacement and
low pressure over the mountain regions ({sa-
called ultralong wave behavior). {Smith, 1979,
in Advances in Geophysics, Vel. 21, 1979.)

Equation (3) not only contains foreing effacts of the mountains, but admits the
possibility of heat sources and sinks to aet similar to mountain ranges by foreing a
vertical motion pattern, such as for instance evident in the Walker and Hadley cir-
culations over the Pacifie, to be diseussed later. Even though we have to assume that
these motion patterns are weaker than those foreced by high mountain ranges, ihe
atmospheric vespouse may be sizeable if the resonance conditions of Egn. (6) are
approached,

Continental and oceanle heat sonrees undergo considerable interannnal variability,
as will be demonstrated in the next chapter, If these heat souree distributions can act
to force long and ultralong planetary waves, as deseribed by Eqn. {3) we have to anti-
eipate strong interannual variability in the behavior of these wave patterns as well.
Together with the orogrephic forcing component, in some years the resonance condi-
tion in Eqn. (6) will be more closely approached than in others, leading to interannual
variabilities in the amplitudes, phase apgles, and also in the sfationarity aspeects of
such waves, even though the mountaing themselves remain immobile,

More sophisticated planetary wave theories ean be advanced (see e. g. Smith,
1979). Th esimple foregoing discussion suffices, however, to demonstrate the sensibili-
ty of certain planstary wave patterns to the combination of orographiec and (variable}
thermal foreing. This sensitivity presumably is the major canse of changes in the
. general circulation from one year to the next—even over the major mountain regions
of the northern hemisphers,

We can envision that thermal effocts of continental and oceanic surface tempera-
ture distributions will also induce vertical circulation systems in meridional and zonal
planes, hence can have an impaet on harmonie solutions as provided by Egn. (3). In
2 rather crude sense, the global distribution of heat scurces and sinks is envisioned to
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provide harmonie components of eertain wave numbers and amplitudes to Bqn. (1)
which, in turn, will influence the formation of long and ultra-long planetary waves and
their possible resonant behavior as expressed by Eqn. (6),

One might serutinize (zonal) Walker and (meridional) Hadley circulation cells
over various regions of the globe as preliminary indicators of vertical circulation foreed
by surface heat source and sink distributions. One has 1o be careful, however, with
the conclusions drawn from such an approach. Regional Walker and Hadley eircula-
tions are strongly influenced by the superposition of planetary wave patterns over
that partieular region, hence the heat source distribution, especially over the ocean,
might be the consequence of, rather than the cause for, planetary wave patterns and
their assoeiated anomalies in Walker and Hadley ecirculations, The best interpretation
that we can offer at this time is, that a feedback exists between planetary waves and
oceanic {and perhaps also eontimental) heat source distributions (Reiter, 1979d; Mid-
dleton, 1980). This feedback can be assumed to be strong when Walker and Hadley
-eirculations run faster than normal or have assumed anomalous positions and when the
associated planetary wave patterns are relatively stationary. Weak feedback, most
likely, is associated with less stationary, rather mobile planetary-wave patterns, hence
with less well-expregsed mean zonal and meridional eirculation cells. A complicating
factor arises from the fact that internal heat sources in the atmosphere, such as the re-
lease of latent heat, ean contribute significant perturbations to the planetary-wave
patterns. The Indian monsoon preeipitation, mentioned in Chapter I may serve as an
-example. ' '
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Fig. 6. Schematic diagram of feedback between

orographically forced planetary waves,

. Tatent and sensible heat sources over
continents and oceans.

In Fig. 6 the envisioned feedback mechanisms, indicated by closed loops in the
path ways of lines with arrows, are sketched schematically. Unfortunately, our meteo-
‘rologieal data base is all but plentiful. Therefore we cannot yet provide & quantitative
model as a counterpart t¢ Fig. 6. For the same reason, much of the evidence present-
ed in the next chapter is cireumstantial at best be eontinued.




