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ABSTRACT

Experiments using a quasi-geostrophic model and the ECMWF T21 spectral model with and without
orography are performed to investigate the effects of mechanical forcing on the mean meridional circulation.
Results show that mechanical forcing intensifies the horizontal poleward heat flux and redistributes the eddy
angular momentum in the vertical, and that this changes significantly the intensity anad location of the mean me-
ridional circulation centres.

It is shown how the mean meridional circulation is set up in such a way to satisfy both the dynamical and
thermodynamical transport requirements of the model atmosphere. Whenever external forcing changes the
eddy fluxes, the Coriolis torques from the upper horizontal branches of the mean meridional circulations change
to balance the extra divergence of eddy momentum flux, and additional adiabatic heating is produced by the
vertical branches of the toroids to balance the extra divergence of eddy heat flux. The mean meridional circula-
tion is, therefore, confirmed 10 be very sensitive to mechanical forcing, and can be used as an efficient tool to
quantitatively diagnose the adequacy of the orographic representaiion of numerical forecasting and general cir-
culation models.

[. INTRODUCTION

Charney and Eliassen (1949) pointed out that planetary waves can be excited by large-
scale mountains. Later Charney and Drazin (1961) investigated atmospheric wave motions
and found that only planetary scale waves can propagate upwards from the troposphere to the
stratosphere, whereas synoptic-scale waves are trapped, or evanescent, in the vertical. For
the vertically penetrating waves, the theory developed by Eliassen and Palm (1961) shows
that, by extracting energy from the basic flow, they can amplify during their upward propaga-
tion. All these results suggest that the effect of mechanical (mountain) forcing on the atmos-
phere is not only to produce an additional torque at the surface, but also to change the vertical
structure of atmospheric motions, especially by intensifying planetary waves in the upper tro-
posphere and the lower stratosphere.

Since the 1960’s, general circulation models (GCMs) have been used to investigate how
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mountains affect atmospheric motions. By comparing results from experiments with and with-
out mountains, hereafter referred to as the MTN and NOM cases respectively, the influence
of mountains could be evaluated. Using a model with 12 layers in the vertical, Kasahara,
Sasamori and Washington (1973) found that orography does not significantly change the pole-
ward eddy flux of momentum except in the upper stratosphere where the effect of the upper
boundary condition is most critical. On the other hand, in mid-latitudes orography displaces
the poleward transfer of sensible heat from the stratosphere to the upper troposphere. Also
a substantial increase in wave energy flux due to the effects of mountains could be seen in the
Northern Hemispheric stratosphere. With the inclusion of mountains the amplitude of wave-
number 1 in the stratosphere increases two— or three—fold compared with the NOM case.
Manabe and Terpstra (1974) used a 9-level model to conduct a similar experiment. They
also found that, due to the increase in conversion from APE to KE in the MTN case, stationary
waves are greatly amplified, as are the transfer properties of such stationary waves. All these
model findings agree well with the available theoretical studies.

The main physical mechanism which, in the rotating frame of reference, can balance the
generation of angular momentum at the ground surface and the eddy flux divergence/conver-
gence of angular momentum taking place in the upper troposphere is the Coriolis torques acting
on the north-south branches of the atmosphere by the mean meridional circulation. In other
words, the mean meridional circulation is arranged in such a way that the Coriolis torque due
to its lower branch balances the generation of angular momentum near the surface, and the one
acting on its upper branch balances the divergence/convergence of eddy flux of angular momen-
tum (e.g. Kidson et al., 1969). Since mechanical effects (e.g. mountain forcing) can enhance
the eddy heat flux and redistribute eddy momentum flux, and since the mean meridional cir-
culation can only be maintained when the geostrophic and hydrostatic balances are continuously
destroyed by diabatic heating and/or eddy transfer of heat and momentum (see also Eady,
1950; and Green, 1970), we can therefore expect orographic forcing to produce significant ef-
fects on the mean meridional circulation.

Section Il contains a description of the results from a two-layer quasi-geostrophic model
used to investigate some of the relevant physical mechanisms. In Section 111, experiments
using the ECMWF T21 global spectral model are described. Results from both these two
models show that the enhanced angular momentum and heat flux in the MTN case have a
large impact on the mean meridional circulations. Section IV summarises the main conclu—
sions.

II. EXPERIMENTS WITH A QUASI-GEOSTROPHIC MODFL

In the framework of the quasi-geostrophic, Boussinesq model for the atmospheric long
waves developed by White and Green (1982) and Wu (1984), the vorticity and thermodynamic
equations become

PN =2y v, (1)
B () (v, ()

where %is the total derivative in spherical geometry, ¢ is the streamfunction, £=y2y
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1s the geostrophic vorticity, f is the Coriolis parameter, primed quantities represent departures
from a suitable low—pass time mean, 1/3 indicates a reference state (e.g. a long-term time mean)
and p is a Newtonian-type heating/cooling coefficient. The last terms on the right hand side
of both equations represent the transports by transient eddies (White and Green, 1982). For
more details see White and Green (1982) and Wu (1984).

The model atmosphere is then divided into two equally deep layers, as shown in Fig. 1,
and a rigid top at the tropopause (z= /{ =10 km) is assumed. Eqgs. (1) and (2) applied at
the middle layers and at the interface respectively, yield
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Fig. 1. Vertical resolution of the model Fig. 2. Mean meridional mass circulation in
atmosphere. Mechanical forcing is the MTN and NOM cases for the
applied at the surface, thermal forcing quasi-geostrophic model. Urits: 108
at the middle level and vorticity forcing ton/s.

at levels 1 and 3.

where ¢ =, —y, represents the thickness between levels 3 and 1, and the substantial deriv-
ative is

D __o .

=V, =1,2,3.

Dt,- ot + ViV, i 24y
The vertical motion at the lower boundary w, is taken to be the sum of topographic lifting and
Ekman pumping, therefore

wo =V, Vhi+ aV'y,

where a= («/2f,) % and x is the eddy viscosity coefficient, taken to be 10 m®s~* throughout
the experiment. Quantities at the surface and top boundary are linearly extrapolated from
their corresponding values at levels 1 and 3. The time increment is taken as six hours. All
experiments are started from an atmosphere at rest and the integrations continue until a steady
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state is reached. Results from this state, referred to as the model atmosphere, are then dis-
cussed. The diabatic heating field —(7" —T') contributes to about 1°C/d warming over the
two ocean areas and cooling over the two land areas (continents). Mountains are represented
in the model by ridges over the continents and valleys over the oceans. Further details about
this model are described by Wu (1984).

We now want to examine the mean meridional circulation implied by this model. Using
the zonally averaged continuity equation in spherical geometry (overbars indicate zonal mean
quantities)

ow 1 0

S +aCOS(f)6(f) (vcosd) =0, (3)

we define the zonal mean mass flux x by

2aa’cospPw —2; ) (4)
2macospPD = —%{, (5)

The meridional distributions of X in the MTN and NOM cases are shown in Fig. 2. Positive
x values correspond to the (direct) Hadley cell, whereas negative X values represent the (indi-
rect) Ferrel cell.

The intensity of the Ferrel cell in our simple model is about half of that found in the real
atmosphere, as estimated for example by Palmen and Vuorela (1963). However, the Hadley
cell, estimated as 230 x 10° ton/s in the real atmosphere, is reproduced far too weakly. This
weakness is mainly due to the fact that our model is a geostrophic model in which f is used

rather than (more properly)( f ——aé;‘—>, andf has a constant value (f,) typical of mid-latitudes.

Hence the Coriolis effect in low latitudes is overestimated. Since the vertical westerly shear
required to balance the zonal mean temperature difference is proportional to f(v, —v,), then
for a given temperature difference, a larger f must result in a smaller zonal mean meridional
velocity. These features are also found in other models: using a two-level quasi-geostrophic
model, Phillips (1954) investigated the general circulation on the g-plane and obtaineda zonal
mean meridional speed of 5 cm/s in the Hadley cell and about half of that in the Ferrel cell.
Hollingsworth (1975) used spherical coordinates to investigate baroclinic instability and showed
that, in the quasi-geostrophic model used by Phillips (1954), the mass flux in the Ferrel cell
is about 509 larger than that in the Hadley cell. However, in a model designed by Lorenz
(1960) which includes some non-geostrophic effects, the mass fluxes in the Hadley cell and in
the Ferrel cell are very similar.

Another important reason for the weakness of the Hadley cell in our model is the absence
of latent heat release since, to a large extent, the real atmosphere’s Hadley cell is directly driven
by latent heat released along the ITCZ. In their numerical simulation of the general circula-
tion in the tropics, Manabe and Smagorinsky (1967) calculated the intensity of the direct cell
for both dry and moist versions of the model, and compared them with the real atmosphere.
1n their moist run, the direct cell has an intensity of about 140 x 10® ton/s, but only 52 x 10¢
ton/s in the dry run. Despite these unrealistically large value, their experiment shows that
condensation processes contribute significantly to the intensification of the tropical cell.
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Referring back to Fig. 2, we see that both the Hadley cell and the Ferrel cell are intensified
by the mechanical forcing. In order to explain this, we follow Holton (1979) and consider
the diagnostic equations for the mean meridional circulation in our model. Upon setting
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(note that for simplicity we have reverted back to plane geometry) and using thc zonal mean
continuity equation

ow , ov __
o: ow 0

the vorticity Eq. (1) and the thermodynamic L. (2) can be rewritten as
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where @ is the zonal mean diabatic heating and starred quantitics represent departures from
zonal mean values (overbars). After eliminating the local variation terms in these two equa~
tions, we obtain a diagnostic equation for X:

W, (X foFx
VA <6y‘tN“' az~'> (8)
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This equation states that a meridional circulation is produced only when the geostrophic and
hydrostatic balance are continuously destroyed either by diabatic heating or by the transfer
properties of eddies. In other words, the ageostrophic mean meridional circulation is genera—
ted to balance the zonal mean diabatic heating; the transfer of angular momentum and heat
by the transient eddies and/or stationary eddies restores the geostrophic and hydrostatic bal-
ances. For example, a net diabatic heating in the tropics and cooling in the polar region result

in gQ 0, so that X >0; a direct Hadley celt is then produced.  This diabatic hcating requires
v

an increase in thermal wind. 1n the absence of angular momentum trausfer by cddies, Eq (6)
shows that this increase in thermal wind can only be provided by the coriolis torque due to a
direct cell.  On the other hand, the adiabatic heating resulting {rom this direct cell acts against
the diabatic eflect so that the meridional temperature gradient is decreased. This process con—
tinues until a new geostrophic and hydrostatic balance is attained. Since the eddy heat trans-
fer in mid-latitudes tends to decrease the meridional temperature gradient, a similar argument
shows that an indirect cell in middle latitudes is again required in order to maintain geostrophic
and hydrostatic balance.

The diabatic heatings in the MTN model and in the NOM model are atmost identical, so
they are of no relevance to the change of y*X. The intensification of eddy heat transfer
duc to MTN forcing could be responsible for the increasc of ¥2%. However, in our present
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cxperiments, this intensification has been minimised and therefore cannot account for the
change of V*X.

The second term inside the square brackets of (8) represents the effect on the mean merid-
ional circulation of the eddy transfer of angular momentum. In middle latitudes, the conver-
gence of angular momentum increases with height. This, according to (8), will result in an
indircct Ferrel cell.

Table 1 shows the maximum poleward eddy transfer of angular momentum in the upper
and lower troposphere in the NOM and MTN cases. The vertical integral of the total eddy
transfer of angular momentum (the last column) in these two cases is similar. However, due
to the mechanical forcing, the transfer of angular momentum by transient eddies and stationary
waves in the upper layer in the MTN case is increased, whereas that in the lower layer is de-
creased.

Table 1. The Maximum Poleward Transfer of Angular Momentum by Eddies(T .)in the Upper (labeled 3)
and Lower (labeled 1) Model Troposphere Layers in the NOM and MTN Cases (Units of Hadley)

l

! Tca Tzl Tea—Tz'l , Tea‘l"Tz-l
‘ |

NOM ! 20.76 ‘ 2.88 ! 17.9 ‘ 24
‘ ! !

MTN ! 21.88 1.45 ‘ 20.4 | 23

These changes in angular momentum transfer cause an increase in maguitude of the second
term on the right hand side of (8), resulting in the intensification of both the Hadley and the
Ferrel cells. Physically this can be interpreted in terms of the mountains strengthening the
EP-flux and causing perturbations to develop more intensely in the upper troposphere. The
intensified transfer by such perturbations then produces a stronger thermal wind (see Eq. 6),
which requires a stronger meridional temperature gradient. Eq. (7) shows that in the absencc
of diabatic heating and eddy heat transfer, this can only be produced by adiabatic heating due
to an extra indirect cell (vertical motion). Cn the other hand, the Coriolis torque exerted by
this cell on the zonal flow tends to oppose the increase of thermal wind (see Eq. 6). Thereby
new geostrophic and hydrostatic balances are reestablished through the intensified circulation.
In other words, it is by this adaptation process that the Hadley and Ferrel cells are intensified
by the mechanical forcing due to mountains.

Numerical experiments by Kasahara, Sasamori and Washington (1973) showed that the
inclusion of mountain forcing in a GCM causes a substantial increase of eddy heat flux in the
troposphere (see their Fig. 10). The change of the first term on the right-hand side of (8) due
to the mechanical forcing must, therefore, contribute greatly to an increase of the intensity of
v*X. On the other hand, there is no corresponding increase of eddy flux of angular momen-
tum in the troposphere. We note that the decrease of angular momentum eddy flux in the MTN
case in their experiments is strongest in the lower troposphere (see their Fig. 9). Therefore,
the change of the second term on the right-hand side of (8) due to mechanical forcing must
also correspond to an increase of y2X. Despite the uncertainty of the relative importance of

these two terms, it is evident that the presence of mountains helps strengthening the mean
meridional  circulation.
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[, EXPERIMENTS WITH THE ECMWF T2l SPECTRAL MODEL

To try to verify these ideas in the context of a general circulation model, we used the low--
resolution (triangular truncation 21, 16 levels) version of the ECMWF spectral model (Sim-~
mons and Jarraud, 1984) to carry out a Manabe and Terpstra-type experiment. Two twin
integrations were carried out to 60 days and the last 30 days were used to assess the results.
Onc integration used a mean-type orography (MTN) and the other one had zero orography
everywhere (NOM). The initial conditions were taken from 12 GMT, 1 January, 1983. The
method of diagnosing the mean meridional circulation is the one described in Wu and Bran-
kovic (1985).
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The total time of integration is considerably larger than the kinetic energy consumption
time typical of atmospheric conditions. This shou'd ensure that the details of the initial dis-
tribution of kinetic energy is not important and, therefore, the results should depend little on
the initial conditions. On the other hand, the results are likely to depend critically on external
forcings such as sea surface temperature distribution and mechanical forcing. The external
diabatic forcing is representative of winter (Janvary climatological SSTs and solar zenith angle),
and so we can regard the integrations as being typical winter GCM experiments.

1. The Mean Meridional Mass Flux

Fig. 3 shows the mean meridional mass flux in the two different experiments and the differ-
ence field in between. In both cases, there are three cells in each Hemisphere. In the NOM
case, the two tropical cells are separated near the equator, whereas in the MTN case the
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Northern Hemispheric Hadley cell (and, consequently, the model’s ITCZ) is shifted southwards
by about six degrees; that is closer to its observed climatic position which is located at about
10°S (Kidson et al., 1969). As is well known, the extension of the Hadley cell from the win—
ter hemisphere into the summer henisphere has significant effects on the hemispheric balance
of heat and moisture, and this seems, to a large extent, to be the result of mechanical forcing.

The intensities of the southern and northern Hadley cells are 41 x 10° and 87 x 10° ton/s
respectively in the NOM case, whereas their counterparts in the MTN case are 57 x 10° and
99 x 10° ton/s. Compared with that of the northern Hadley cell of 140 x 10° ton/s obtained
in the numerical experimeuts of Manabe and Smagorinsky (1967), and the estimates of 170 x
10¢ ton/s obtained by Kidson et al. (1969), and of 80 x 10° ton/s by Mintz and Lang (1955),
our value in the MTN case does not deviate radically from previous calculations despite the
fact that different models and diagnostic methods are employed. The relative increase of the
Hadley cell due to the mechanical forcing is 149 in the Northern Hemisphere and 409/ in the
Southern Hemisphere. Fig. 3(c) shows changes both in position and in intensity. It is worthy
of mention that the changes in the Southern Hemisphere are relatively small in comparison
with those occurring in the Northern Hemisphere. This is in accordance with the fact that
less mechanical forcing is exerted in the Southern Hemisphere. On the other hand, in the North-
ern Hemisphere the increase of the tropical direct cell reaches 43 x 10° ton/s, whereas that
of the mid-latitude ndirect cell reaches 24 x 10° ton/s. However, the latter is mainly due to
the southward shift of the mean meridional circulation in the MTN case. These dramatic
changes in the mass flux agree very well with the quasi-geostrophic theory discussed earlier.

Tt is also interesting to notice that there are four cells in the difference field in the Northern
Hemisphere. In other words, the horizontal scale of the difference field is somewhat smaller
than those of the mass flux field itself. As we will discuss later, this is due to the fact that the
contributions to the mean meridional flux coming from eddies of different scales are latitude-
dependent.

2. The Angular Momentum  Budget

Fig. 4 shows the total vertical integral of angular momentum flux:
<1000 _
2wd’ \ (U*U*eos ¢
230
The general picture in the two cases is not very different.  They both show that planctary waves
play a more important role than the shorter waves in transporting poleward angular momentum
in the Northern Hemisphere, whereas wavenumbers 4—9 dominate the process in the Southern
Hemisphere. In addition, the maxima of the total eddy flux do not change dramatically in
the two cases. The difference flux (Fig. 4(c)) shows that, although the mechanical forcing de-
creases the poleward flux by wavenumbers 4—9 in both hemispheres, it increases the flux of
planetary waves in the Northern Hemisphere and decreases it in the Southern Hemisphere. The
total poleward eddy flux then increases over the northern tropics and high latitudes but de-
creases elsewhere. The only significant change in the toroidal flux occurs in the northern Ferrel
cell, where in the MTN case the upper branch of the cell transfers less momentum southwards.
The expression for the vertical integral of the convergence of angular momentum flux is
given below:
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Fig. 5 shows the contributions to this quantity from eddies and from meridional circulation
separately, and their residual which indicates the likely distribution of the sources/sinks of
angular momentum necessary to close the balance.

We see that angular momentum is generated in the tropics and dissipated in the mid-
latitudes, and the generation or dissipation are, to a large extent, balanced by the diver-
gence or convergence of angular momentum by eddies. From the difference between the two
integrations (Fig. 5(c)) we find that, while mountains increase the eddy divergence of angular
momentum in the equatorial belt and in high mid-latitudes, they increase the convergence
in the latitude belt between 20° and 40° in both hemispheres. The substantial decrease of
generation of momentum (torque) in the northern subtropics corresponds to the substantial
decrease of surface easterlies taking place there as a result of the southward shift of the
northern Hadley cell.

Figs. 6 and 7 show the meridional cross-sections of angular momentum flux (#*0%) due to
wavenumbers 1—3 and 4—9 respectively. Again we see that these results have some com-
mon features. For example, in both cases planetary waves are important in the Northern
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Fig. 15. Meridional cross-section of the horizontal Fig. 16. Meridional cross-section of the horizontal
sensible heat flux v*T* by wavenumbers sensible heat flux v*7T* by wavenumbers
1--3. Isopleth interval: 2 K m s°i 4—9. Tsopleth interval: 1 K ms~! in (a)
() MTN case; (b) NOM case and and (¢), 2 Kms™in (b).

(¢) difference between (a) and (b). (a} MTN case; (b) NOM case and
: (¢) difference between (a) and (b).

Hemisphere, and shorter waves dominate the process in the Southern Hemisphere; yet the
contributions from planetary waves can penetrate from the troposphere inio the strato—
sphere, whereas the shorter waves are mainly trapped. The difference field for wavenumbers
1—3 (Fig. 6¢c) shows that the effects of mechanical forcing on such transfers are stronger in
the upper troposphere and stratosphere in the mid-latitudes (especially in the Northern Hemi-
sphere) and in high latitudes above 500 hPa. In the stratosphere, the two maxima of 34
m?/s? and 16 m?/s* are located at 36°N and 66°N respectively. The narrow negative belt
around the tropopause level at about 30°N is indicative of a smaller horizontal north-south
tilting of the waves there. In contrast to what takes place in the Northern Hemisphere,
the mechanical forcing has a much smaller cffect in the Southern Hemisphere, except near
Antartica where a centre of — 19 m?/s? at about 400 hPa is observed. However, this has little
effect on the overall angular momentum balance due to the effect of spherical geometry. The
influence of orography on wavenumbers 4—9 (Fig. 7(c)) is very much confined to the upper
troposphere and to mid-latitudes, The only positive centre in the Northern Hemisphere is
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observed in the tropics. On the other hand, there is a substantial decrease of the poleward
flux of momentum in the mid-latitudes. This is in accordance with the previous numerical
results of Kasahara, Sasamori and Washington (1973).

The vertical momentum flux (u*w*)due to the two wavenumber bands in the MTN and
NOM integrations are shown in Figs. 8 and 9. The maxima due to the shorter waves are close
to the middle troposphere, but those due to planetary waves are much higher, reaching up to
the tropopause, especially in the MTN case. Consequently a large amount of momentum is
transferred from the troposphere into the stratosphere by large-scale eddies. We notice that
the effect of mountain mechanical forcing on the vertical transfer of angular momentum due
to shorter waves is relatively small in the Southern Hemisphere; in contrast, it strongly inten—
sifies the upward angular momentum flux due to planetary waves in the Northern Hemisphere
mid-latitudes (Fig. 8(c)). This is quite consistent with the theory of Charney and Drazin (1961).

The two components of eddy flux of momentum in the vertical and in the horizontal

arc combined together to form a flux vector [ (u*v*j+ u*w*k) cos’d];some of the results
are presented in Fig. 10. The effects of mechanical forcing on the flux due to planetary waves
are hardly noticeable below 500 hPa (figures not shown). 1In the difference fields measurable
values of the fluxes which cross the tropopause are found between 12°—30°S, 15°—35°N,
and 50°—60°N, in good agreement with the latitudinal locations of the main parts of the An—
des, Qomolangma, and of the Rockies respectively. The downward difference flux between
12°—35°N is also apparent in Fig. 8(c). For the eddy flux due to synoptic-scale waves the ef-
fects of mechanical forcing are mainly to be found in the troposphere. It is worthy of notice
that, compared to those in the NOM case, the areas where the eddy fluxes occur in the MTN
case are shifted equatorwards. The changes in the total eddy flux field (Fig. 10) are due to a
large extent to planctary scale waves, except in the Southern Hemisphere troposphere, where
the shorter waves play a more important role. From these cross-sections we find that the di-
vergence of eddy momentum flux in the tropics and the convergence in the subtropics, and more
prominently so in the Northern Hemisphere, are remarkably intensified by the orography.
This, as we will discuss below, results in a significant intensification of the Northern Hemi-
sphere mean meridional circulation.

The terms that dominate the angular momentum budget of the atmosphere are the conver-
gence of eddy flux, the toroidal Coriolis torque, and the generation term. The first two terms
are given by the following expressions

2naza—3—(—u%;“mcosz¢)%—,

—47a* D sin g cos’ pAd %p—,

whilst the generation is given by the residual in the angular momentum balance equation.
These terms are shown in Figs. 11—13. The main sources, again, are shown to be concen-
trated near the surface. The weak residuals in the free atmosphere are due to the diffusion
scheme used in the ECMWF model (Tiedtke, 1983), which has the property of removing angular
momentum from the westerlies and converging it into the easterlies. Due to the horizontal
geometry and the vertical density stratification the weak angular momentum sinks in the free
atmospherc are usually observed in the equatorward and downward branches of the tropical
jets. The main features depicted in Figs. 11—13 are similar to those discussed above, i.e.,
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the generation near the surface and the divergence by eddies in the free atmosphere are closely
balanced by the opposite effect of the Coriolis torques. Comparing Fig. 11(c) with Fig. 12(c),
we find that it is also true that in the free atmosphere the additional convergence of eddy flux
due to the insertion of orography is roughly balanced by the Coriolis torque of the difference
toroids. In the Northern Hemisphere, for example, the two divergence areas in the eddy flux,
i.e., south of 12°N and between 40°N and 60°N, coincide with the areas where there is a nega-
tive difference inertial torque; and the other two main eddy flux convergence areas are accom-
panied by the positive areas of Coriolis torque. These are in very good agreement with the
locations of the difference cells displayed in Fig. 3(c).

We can therefore conclude that the changes in the mean meridional mass flux in these two
experiments are to a great extent due to the changes of eddy angular momentum flux resulting
from mechanical forcing. For example, the evidently enhanced eddy momentum flux from
the tropics to higher latitudes in the MTN case requires a larger inertial Coriolis torque there,
and this can only be accomplished by a more vigorous Hadley cell. In other words, the extra
divergence of eddy momentum flux in the tropics requires a decrease in the thermal wind, in
the absence of extra diabatic heating and eddy heat flux, this can only be achieved by adiabatic
heatings caused by an intensification of the direct Hadley cell. At the same time, the addition-
al inertial torque exerted by the additional direct circulations cancels some part of the extra
eddy momentum divergence flux and a new thermal balance is then restored.

3. Heat Budget

Fig. 14 indicates the vertical integral of heat flux

1000
ZnaS Cr O°T% cosg 2
30 g

of wavenumbers 1—3, 4—9 and all waves. While mechanical forcing in the Southern Hemi-
sphere decreases the poleward heat flux, in the Northern Hemisphere it substantially
increases the flux due to wavenumbers 1—3 everywhere, and to wavenumbers 4—9 at low
latitudes, but decreases that due to wavenumbers 4—9 at high latitudes.

Figs. 15 and 16 display the cross—sections of heat flux due to wavenumbers 1—3 and 4—9
respectively. The changes in the eddy heat flux of the second wavenumber band caused by
the introduction of orography are relatively weak and less concentrated. However, those due
to planetary waves are more confined to high latitudes and high levels. The high latitude
centres are possibly connected with mountains in those areas, such as Greenland and the
Rockies.

Fig. 17 shows the horizontal divergence of sensible heat flux due to all eddies. In both
hemispheres the eddies transfer a substantial amount of heat from low latitudes to mid-latitudes.
We notice that the difference field, as a function of latitude, shows a dipolar structure. This
is nothing but the consequence of the latitudinal shifts of the lines of maximum convergence
caused by the introduction of mountains and is also attributable to the fact that the weakening
of the flux due to wavenumbers 4—9 and the strengthening of that for wavenumbers |—3 occur
at different latitudes (sce Figs. 15(c) and 16(c)). It is also interesting to notice that the diver-
gence-convergence pattern characteristic of the difference field, according to the requirements
of thermal wind balance, must produce two additional indirect cells between 25°N and 45°N,
and between 55°N and 75°N; and an extra direct cell between 45°N and 55°N. These arc
indeed those we have observed in the difference mass flux as shown in Fig. 3(c).
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A consistent picturc has thercfore emerged which shows how the eddy heuat flux and the
eddy momentum flux cooperate in maintaining the mean meridional circulation. In other
words, this circulation is organised in such a way that the inertial (Coriolis) torques exerted
by the horizontal branches of the toroids balance the generation and transport of angular
momentum. At the same time the adiabatic heating/cooling associated with the vertical
branches is balanced by the generation and transport of heat in the free atmosphere.

1vV. CONCLUDING REMARKS

(1) The mean meridional circulation of the atmosphere i1s a secondary type circulation
which can only be maintained when the geostrophic and hydrostatic balances are continuously
destroyed by eddy transfer of heat and/or momentum, or by diabatic heating.  Since the sources
of angular momentum in the free atmosphere are very weak, the mean meridional circulation
is arranged in such 4 way that the inertial (Coriolis) torque cxerted by its upper branch ba-—
lances the divergence of eddy momentum flux. In addition, the intensity and position of the
mean meridional cells must be organised in such a way that the adiabatic heating from their
vertical branches are able to balance the combined etfects of the diabatic heating taking place
in the free atmosphere and of the divergence of the eddy heat flux.

(2) Since mechanical forcing enhances horizontal eddy heat fluxes and tends to
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concentrate the eddy momentum flux to the upper layers of the atmosphere and to high
latitudes, the intensity of the mean meridional circulation is altered significantly by it. In the
framework of a quasi-geostrophic model, the introduction of mountains enhances the eddy
poleward angular momentum transports at upper levels, while decreasing it at lower levels and
thereby inducing, via the implied thermal wind adjustment, an intensification of both the
Hadley and Ferrel cells.

(3) The introduction of mountains in a twin experiment using the ECMWF T21 spectral
model shows a large impact: the model’s ITCZ is shifted southward by approximately six de-
grees of latitude, the intensity of the Hadley cell is increased by approximately 159, in the
Northern Hemisphere and 409, in the Southern Hemisphere, the Ferrel cells in both hemi-
spheres are slightly weakened in intensity and the one in the Northern Hemisphere is displaced
equatorward. There is good qualitative agreement between the results of the simple quasi-
geostrophic model and the GCM results.

(4) Mountains are confirmed to be one important factor in the angular momentum budget
in the atmosphere. The effect whereby mountains, by increasing the coupling between the
solid earth and the atmosphere, and forcing cxtra meridional circulation to satisfy angular
momentum balance requirements is confirmed as the dominating one.

(5) The effects of mechanical forcing in the Southern Hemisphere are much smaller (as
should be expected) and confirm previous results.

(6) The mean meridional circulation and the angular momentum budget are shown to be
very sensitive to mechanical forcing and can, therefore, be used as a powerful tool to diagnose
the impact of orographic forcing and, consequently, the adequacy of the representation of
mountains in GCMs.
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