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ABSTRACT

The upper tropospheric circulation during northern summer produced by a general circulation model (GCM)
is studied using linear and nonlinear barotropic models and by analyzing a streamfunction budget. The model
experiments and the budget calculations both show a simple Sverdrup balance to be a useful first approximation
for the largest scales during this season. In this Sverdrup balance, the advection of planetary vorticity by the
divergent component of the flow is found to be significant, particularly in the Southern Hemisphere tropics.

Nonlinear barotropic models improve the simulation of regional structutes. The correct position of the Tibetan
high is explained by Sverdrup balance, but its amplitude and structure are reasonably well simulated only with
the nonlinear models. With climatological forcing, the time-averaged solutions of the nonlinear model are
insensitive to the strength of the damping included in the model. The difference between the GCM’s climatology
and the GCM’s flow in a particular summer is more difficult to model because of the large contribution of
anomalous transients to the maintenance of the flow. However, strongly damped models produce simulations
that bear some resemblance to the anomalous flow, at least in the tropics.

To estimate the potential importance of vertical transport of momentum during moist convection, a damping
proportional to the precipitation rate in the GCM is added in the nonlinear model. The estimated damping
time scale for the eddy streamfunction is ~5 days in the northern tropics, but the changes in the predicted
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" stationary eddy streamfunction are modest.

1. Introduction

In the tropics, the horizontal structure of the cli-
matological upper-tropospheric divergence is closely
controlled by the horizontal structure of the latent
heating. In regions where convection is concentrated,
latent heating is balanced to an excellent approxima-
tion by adiabatic cooling due to upward motion. The
dynamically induced heating in regions of compen-
sating subsidence is balanced by radiative cooling (to
the extent that this subsidence occurs in the deep tropics
where horizontal temperature advection is negligible).
The vortex tube stretching and compression associated
with this vertical motion field drive the upper tropo-
spheric flow. In light of these balances, the following
questions form a natural sequence:

¢ How is the climatological tropical latent-heating dis-
tribution determined?

* How is the distribution of upper tropospheric diver-
gence determined by the latent heating? (Or, what is
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essentially equivalent, how can one model the plan-
etary-scale subsidence given the latent heating?)

e How is the upper tropospheric streamfunction de-
termined by the divergence?

We address only the third question in this paper. Ad-
mittedly, we would prefer to address the second as well,
as do the linear models of Gill (1980), Webster (1981)
and Kang (1984), and the nonlinear axially symmetric
model of Schneider (1977), for example. However, we
feel the simplification afforded by specifying the di-
vergence is very useful as one attempts to simulate re-
alistic flows and to explore such issues as the impor-
tance of nonlinearity and transient mixing. The rele-
vant model becomes the barotropic vorticity equation
at an upper tropospheric level forced by a specified
divergence; one can ignore the dynamics at other levels.

Fixing the mean divergence and predicting the mean
streamfunction at some level in the atmosphere is not
always a very useful exercise. For example, if the mean
flow is dominated by free vertically propagating waves,
or external Rossby waves propagating horizontally
through a vertically sheared flow (e.g., Held et al.,
1985), then the divergence and the vorticity are both
essential components of the same wave and fixing one
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while predicting the other does not help in isolating
the wave sources and sinks. It is the fact that the mean
divergence is so tightly constrained by the latent heating
distribution that makes such a calculation dynamically
meaningful in the tropics.

In this paper we focus on the stationary eddies in
Northern Hemisphere summer. There is an important
distinction between summer and winter in the tropics,
in that the upper tropospheric easterlies are more ex-
tensive in Northern Hemisphere summer, ultimately
due to the fact that convective heating moves farthest
from the equator during this season. As a result, sta-
tionary Rossby waves are excluded from a larger region
and the flow has more of the character of local re-
sponses to localized forcing. We suspect that the tropics
in Northern Hemisphere summer are somewhat easier
to model for this reason.

The simplest conceivable model of the upper-tro-
- pospheric stationary eddies is a Sverdrup balance, Sv
= —fD, where D is the prescribed divergence. Following
Holton and Colton (1972), it has often been argued
that this balance fails in the Northern Hemisphere
summer, in particular with regard to the position of
the most prominent feature of the summertime cli-
matology, the Tibetan anticyclone, and that a likely
reason is the damping effect on the upper tropospheric
flow of small-scale vertical mixing of momentum dur-
ing moist convection. The importance of this “cumulus
friction” for the planetary-scale flow remains contro-
versial. Chang (1977), Schneider and Lindzen (1977)
and Yanai et al. (1982) argue for its importance. On
the other hand, Sardeshmukh and Held (1984) and
Sardeshmukh and Hoskins (1985) emphasize the im-
portance of nonlinearity in the vorticity equation and
argue indirectly that cumulus friction is of minor im-
portance. Sardeshmukh and Held (1984) examines the
flow generated by a GCM in which there is no mo-
mentum transport by the convective parameterization;
the flow has a reasonable large-scale structure, and the
local vorticity budget is found to be strongly nonlinear,
with stretching balanced primarily by advection of rel-
ative vorticity. Sardeshmukh and Hoskins (1985) is a
study of the vorticity budget using observations (for
the tropics in Northern Hemisphere winter) analyzed
at the European Centre for Medium Range Weather
Forecasting. Again the impression gained is that non-
linearity is of more concern than the residual small-
scale mixing. The claim here is not that the estimates

of the momentum transport during cumulus convec-

tion, particularly the careful analyses of the GATE data
exemplified by Sui and Yanai (1986), are in error, but
that this mixing is of secondary importance for the
planetary-scale flow.

Aside from the question of small-scale vertical mix-
ing, there is the question of the importance of quasi-
horizontal mixing by large-scale eddies. How important
is such mixing for the climatological tropical flow? Can
some of the eddies responsible for this mixing be mod-
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eled in a barotropic framework, as ths work of Sim-
mons et al. (1983) suggests may be possible? This is
especially problematic with regard to the zonally av-
eraged flow. As one moves into the subtropics, the Co-
riolis force acting on the zonal mean meridional cir-
culation, fv, is primarily balanced by transient eddy
vorticity fluxes due to-eddies generated baroclinically
in midlatitudes. There is no reason to expect compa-
rable fluxes to be generated in a barotropic model, so’
there is nothing preventing # from drifting toward un-
realistic values in such a model. The problem is par-
ticularly acute in a model in which the divergence is
specified, for then one has also specified 0. Therefore,
we concentrate on the maintenance of the deviations
from zonal symmetry, the stationary eddies, and not
the maintenance of the zonally averaged flow.

We begin in section 2 by analyzing the climatological
200 mb flow produced by a general circulation model

in Northern Hemisphere summer. Tirne-mean vortic-

ity budgets in GCMs (and presumably in nature as
well) are noisy and difficult to interpret (see Sardesh-
mukh and Held, 1984). We consider a streamfunction
budget instead, with the hope that the resulting broader
scale structures, obtained by operating with the inverse
of the Laplacian on all terms in the vorticity equation,
will be more useful for comparison with the balances
produced by idealized models. We also describe how
the circulation and the streamfunction budget in an
individual summer simulated by the GCM differ from
the GCM’s climatology. . '

In sections 3 and 4 we examine several linear and
nonlinear barotropic models with which we try to
simulate the GCM’s stationary eddy streamfunction
by specifying the divergence field and the zonally av-
eraged zonal flow. In these modeling studies and in the
analysis of the GCM’s streamfunction budget, we are
particularly concerned with evaluating the usefulness
of Sverdrup balance as a zero-order approximation to
the flow, the relative importance of stationary nonlin-
earity and transients, and the importance of advection
of vorticity by the divergent flow.

There is no mixing of momentum by the cumulus
parameterization in the GCM we analyze, so the pos-
sible importance of cumulus friction is not addressed
in our attempts to analyze the GCM’s flow with baro-
tropic models. However, we describe some additional
calculations in section S in which we add a momentum
damping with strength proportional to the GCM’s local
precipitation rate so as to gain some feeling for the
manner in which such mixing would alter the plane-

tary-scale flow.

2. The GCM and its summertime streamfunction
budget

The general circulation model analyzed is a spectral
model developed at GFDL. Its relatively low-resolu-
tion, rhomboidal truncation at wavenumber 15 makes
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extended integrations possible but also undoubtedly
introduces some distortion into the tropical flow sim-
ulation. In particular, one cannot generate a sharp
ITCZ at this resolution. It is also known that the zonally
averaged Hadley cell is considerable weaker in this
model than in a higher resolution model with identical
physics (Manabe et al., 1979). Seasonally varying in-
solation is imposed at the top of the atmosphere, and
surface temperatures over the ocean and cloudiness
are prescribed. Details of the model formulation and
the physical processes included can be found in Gordon
and Stern (1982) and Manabe et al. (1979), respectively.

We analyze one of the 15-yr integrations of this
model examined by Lau (1985). Climatological sea-
sonally varying sea surface temperatures are used ev-
erywhere except in the equatorial Pacific (30°S-30°N,
120°E~80°W), where the observed SSTs from the pe-
riod January 1962 to December 1976 are prescribed.
For additional information concerning the GCM cal-
culation, see Lau (1985). We are interested not only
in how well idealized barotropic models can simulate
the climatology of the upper troposphere in the GCM,
but also if such models can be used to study the inter-
annual variability of the GCM’s flow. :

The GCM’s wind field v interpolated to 200 mb and
averaged over 15 summers (June, July, August) is de-
scribed in Fig. 1 by plots of its (a) absolute vorticity f
+ {, (b) divergence D, (c) streamfunction ¥ and (d)
velocity potential x:

§=k-(VXV)=V¥; D=V.v=V.

Also included in Fig. le is the corresponding clima-
tological precipitation field. The Tibetan high creates
a small region of closed contours in the absolute vor-
ticity field, while the closed contour region in the
streamfunction is much larger. The same is true for
the model’s Mexican high. Stretching, advection of
vorticity by the divergent flow, and mixing by transients
must combine to produce this striking difference be-
tween the votticity and streamfunction fields. The cli-
matological oceanic upper-tropospheric lows are not
as well developed as their climatological counterparts
and do not make a dramatic impact on the mean ab-
solute vorticity field. However, these lows are often
much better developed in individual months of the
integration. The divergence pattern reflects the strong
extended maximum in precipitation over East Asia and
the western equatorial Pacific, and weaker local max-
ima over Central America and Africa. Sharp peaks in
the divergence tend to be partly compensated by nearby
peaks in convergence, as over Central America. Some
of the small-scale structure in the divergence near the
Tibetan plateau is presumably orographically induced.
The velocity potential has a simple structure, mostly
represented by zonal wavenumber one, with minimum
values to the northeast of the Philippines. The longi-
tudinal variations of the streamfunction and velocity
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potential are approximately in quadrature on the largest
scales.

Consider now the following time-mean vorticity
equation in pressure coordinates:

0=—vy-V(f+ =V V(/+ - (f+OD+F,
(@) (b) © @

where v, is the rotational part of the horizontal velocity,
v, is the divergent part, and the variables all refer to
the climatological mean. Vertical advection, twisting,
transients and the biharmonic diffusion of the GCM
are all included in F. Each term of (1) was computed
using the GCM’s climatological summertime winds
interpolated to 200 mb. Unlike Sardeshmukh and Held
(1984; hereafter referred to as SH), we are not partic-
ularly concerned with obtaining the model’s exact vor-
ticity budget; truncation errors in moving from ¢-co-
ordinates to p-coordinates should be thought of as in-
cluded in F. All horizontal derivatives are computed
exactly as in the GCM, however.

Plots of the terms (a)-(d) (not shown) are dominated
by small scales, and the planetary-scale patterns are
difficult to discern. On these scales the stretching is
balanced predominately by horizontal advection of
relative vorticity, as in SH. However, the term (d),
computed as a residual, is not negligible locally, partly
due to the neglected terms and partly due to the vertical
interpolation. To suppress the small scales, we consider
instead the streamfunction budget, obtained by oper-
atlng with the inverse of the Laplacmn on each term
in (1)

(1

(@) =V%a)=—V v, - V(f+ )], etc. 2

The terms (a’)-(d’) are shown in Fig. 2, with the zonal
mean removed and with the contour interval for (d')
one-fifth of that in (a')-(c’). The excellent cancellation
on large scales between advection, (a’) and (b'), and
stretching, (c'), is evident from the smallness of (d').
Note also the importance of advection by the divergent
component of the flow (b') on planetary scales in the
tropics and the Southern Hemisphere. This term is ig-
nored in the diagnostic model of Holton and Colton
(1972) but retained in primitive equation or shallow
water models such as those of Webster (1981), Kang
(1984) and Gill (1980).

The residual term is a factor of five smaller than the
other terms in Fig. 2. We have confirmed that this term
is dominated by the contribution from transients,
rather than twisting, vertical advection, or V* diffusion.
The contribution of the transients in isolation can be
computed by substituting the climatological fields into
the GCM’s full (o-coordmate) vorticity equation, op-
erating with V™2, and then 1nterpolat1ng to 200 mb.
The result is shown in Fig. 3a and is seen to closely
resemble the residual (d').

To a first approximation, the transient forcing is out
of phase with the eddy streamfunction (see Fig. 8a be-
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FIG. 1. GCM summertime climatology at 200 mb. Shown are (a) absolute vorticity (2 X 1075 s™), (b) divergence (107 5™), (c) streamfunction
(107 m2s7"), (d) velocity potential (2 X 10° m? s™') and (e) precipitation rate (2 mm day™'). Contour intervals are indicated in parentheses.
Negative values are shaded, except in (e), where shading indicates a precipitation rate less than 2 mm day™'.

low). The implication is that linear damping, —«{, is scale selective, the effective damping rate «; is com-
might be a useful approximation to this term. Although  puted as a function of total spherical wavenumber
x~! =~ 4 days over the Tibetan region, a more repre- S g & 12 '
. ’ 2 S =R *F , 3
sentative value averaged over the tropics is 10 days. To 1= Re(Z Sm* il (Z$1ml*) 3

examine the extent to which the damping by transients  where the tilde denotes the complex. amplitude of a






