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The note by Thompson and Hartman (1979, here-
after referred to as TH) purports to show that the
influence of cumulus friction, as parameterized by
Schneider and Lindzen (1976, hereafter referred to
as SL) would be of negligible importance in maintain-
ing the tropical mean meridional circulation. More
careful calculations show this conclusion is not jus-
tified by existing data.

One objection to TH is that in applying Eq. (1)
of their paper, they assumed u, = 0. As discussed
in SL; u. is the zonal velocity of cloud air, and it was
argued that u, in the tropics can reasonably be ex-
pected to be close to the zonal velocity u, of the cloud
base air. u, differs significantly from 1. = 0, and the
value of u. is of particular importance in the detrain-
ment layer 100-200 mb. In the detrainment layer,
the parameterization of SL represents a drag force
due to the mixing of surface air with environmen-
tal air at a rate proportional to the cloud-mass
flux. Some support for treating horizontal momen-
tum as a conserved quantity in deep convection
is provided by the recent analysis of an Oklahoma
squall line by Ogura and Liou (1980). The notion
that the vertical transport of horizontal momentum
by deep cumulus convection is quasi-conservative
is arguable; however, TH are examining the con-
sequences of such a hypothesis.

The method chosen by TH for evaluating the

effects of cumulus friction is to assume that the
zonally averaged zonal wind field is known, and
then to deduce the mean meridional velocities
consistent with these zonal winds and a specific
forcing. The analysis is carried out for the 100-200
mb layer with the forcing representing cumulus
momentum flux divergences in the detrainment
layer.

For comparison with TH’s results, we will
calculate the meridional velocity v consistent with
the more correct parameterization of the cumulus
friction, and compare these v’s with the observed
200 mb », which dominates the observed mass
fluxes. We will use the formula
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with u, taken as the zonal velocity at a level near

cloud base. TH’s formula for computing the mass
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flux was used in these calculations:
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where the brackets indicate a zonal average, f is
the Coriolis parameter, an overbar is a time average
over some interval (taken as a season below), an
asterisk is the deviation from the zonal average, and
the prime indicates the deviation from the time aver-
age. Additional forcing terms
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have been ignored. [@]d[&#]/dp is negligible in the
100-200 mb layer as [@] is small there. Vertical
eddy flux divergences are not measured, although
they are parameterized by ‘‘cumulus friction.”
The cumulus forced and eddy forced v’s add linearly
from (2).

The use of (2) to determine the total meridional
mass flux, as done by TH, is incorrect except in
those regions where
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This inequality may be expected to hold near the
top and bottom of the Hadley circulation, and at
the latitude of maximum meridional mass flux. In
middle layers, the vertical and meridional momen-
tum advections are of the same magnitude, and
inclusion of vertical momentum advection by the
mean motions will significantly enhance the Hadley
cell mass flux in the descending branch. As an
illustration, the ‘‘observed” [@]d[i)/dp ([@] is a
derived quantity) at 15°N in northern winter
““forces” [p] = 0.54 m s~! at 300 mb, [9] < 0.1 m
s~'at 100 and 200 mb, and[#] = 0.5 m s~ at 400 mb,
using the Oort and Rasmusson (1971) analysis.
That is, two-thirds of the total meridional mass flux
at 15°N in northern winter is ‘‘forced’ inviscidly
by [w]8[&}/dp from 100-400 mb. We use quotes
above for ‘‘forces’’ and ‘‘forced’’ because, as dis-
cussed below, it is not formally correct to use
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