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ABSTRACT

The response to steady tropical diabatic forcing in a nonlinear model of the atmosphere is analyzed. For
sufficiently small diabatic heating, upper tropospheric anticyclones develop along the equator to the west of the
heating, as predicted by linear theory. For sufficiently large diabatic heating, the anticyclones shift eastward to
the same longitude as the heating (nonlinear response). The structure of the nonlinear response agrees more
favorably with the observations than does the linear response. Inclusion of strong tropospheric dissipation causes
the weaker diabatic forcing to produce the structural characteristics of the nonlinear response. Analysis of the
time-mean vorticity budget reveals that the relative magnitude of the steady nonlinear flux divergence is sub-
stantially larger for the strong forcing as compared to the weak forcing. This appears to be the mechanism
responsible for the marked difference between the two responses. Significant differences in the extratropical
response exist for the two cases.

The tropical variability in the presence of the time-mean asymmetries in the basic state is examined. Strong .
maxima and minima in the transient kinetic energy are observed in the regions of equatorial westerlies and
easterlies, respectively. The penetration into the regions of reduced easterlies by equatorward propagating ex-
tratropical waves is shown to be the major cause of the asymmetry in the variance. Most incident midlatitude
waves are seen to be absorbed at their low-latitude critical line. Because the spectrum of atmospheric waves
produced in midlatitudes includes some westward moving waves, the existence of equatorial westerlies is not
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required for the asymmetry to occur.

1. Introduction

Our understanding of the response of the atmosphere
to steady tropical diabatic heating is fundamental both
to the time-mean tropical circulation and to the anom-
alous circulations associated with the sea surface tem-
perature anomalies during an El Nifio-Southern Os-
cillation event (ENSO). The 1982/83 ENSO, which re-
sulted in an actual local maximum in sea surface
temperature in the central and eastern Pacific, provided
an excellent opportunity to view the atmospheric re-
sponse to an extraordinary region of anomalous dia-
batic heating. Figure 1, adapted from Quiroz (1983),
displays the 200 mb streamfunction and outgoing in-
frared radiation (IR) anomalies for December 1982-
February 1983. The intense minimum in IR, which
implies enhanced deep convection and hence diabatic
heating, over the central and eastern Pacific was as-
sociated with the local maximum in sea surface tem-
perature. Anomalous anticyclones straddle the equator
at the same longitude as the heating anomaly. Simple
scaling arguments (Holton, 1979) suggest that tropical
diabatic heating is balanced by upward motion which
results in upper level divergence and low level conver-
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gence. Thus anticyclones appear to be forced at the
same longitude as the resultant divergence.

A similar relation between the divergence and upper
level circulation is seen in the time mean. Figure 2a
displays the December-February 200 mb streamfunc-
tion for 8 years (1973-81), derived from NMC winds.
The zonal average has been removed to highlight the
east-west asymmetries. The deviations from the zonal
average of the IR, as measured by the NOAA scanning
radiometer for the last 7 years of the same period, are
shown in Fig. 2b. Three major regions of heating (di-
vergence at upper levels) are seen over South America,
Africa and Indonesia. Two major regions of cooling
(convergence at upper levels) are seen over the eastern
Pacific and Atlantic. A strong tendency for anticyclones
(cyclones) to straddle the equator at the same longitude
as the heating (cooling) is observed, though not nearly
as unambiguously as in Fig. 1.

‘The basic structure of the zonally varying tropical
circulation as a response to steady diabatic heating has
been elegantly formulated by Gill (1980). Using a vis-
cous linear model, Gill demonstrated that a pair of
anticyclones would develop to the west of upper tro-
pospheric divergence along the equator, largely due to
a westward propagating Rossby wave. To the east of
the heating upper tropospheric outflow, with very little
meridional velocity and vorticity, was largely due to
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FIG. 1. (a) Mean 200 mb streamfunction anomaly and (b) outgoing infrared radiation anomaly. Contour interval in (a) is 10° m? s™ and
in (b) is 8 Wm™2, H(L) signifies anticyclonic (cyclonic) circulation in the Northern Hemisphere and cyclonic (anticyclonic) circulation in
the Southern Hemisphere in (a). Solid contours in (b) signify negative perturbations. Adapted from Quiroz (1983), where further detail may

be found.

an eastward propagating Kelvin wave. Gill’s model
successfully explains the strong zonal asymmetry with
respect to the heating of the observed circulation. To
successfully model the lack of any longitudinal dis-
placement of the anticyclone with respect to the heating
requires very large dissipation (e-folding decay times
on the order of 1 day) in a linear model on a periodic
domain (Holton and Colton, 1972; Webster, 1972;
Hartmann et al, 1984). These linear simulations,
however, never place strong upper tropospheric easterly
winds over the divergence as is observed in Figs. 1
and 2.

The reality of such strong dissipation is debatable.
The vorticity budgets of synoptic-scale disturbance
(Reed and Johnson, 1974) and the diagnostic vorticity
budget of the summertime tropical circulation by Hol-

. ton and Colton (1972) indicate these strong dissipations
are needed to achieve a reasonable balance. On the
other hand, GCM simulations without any such strong
dissipation realistically model the horizontal structure
of the time-mean circulation (e.g., Manabe et al., 1974)
as well as the anomalous circulations associated with
ENSO (Blackmon er al., 1983; Fennessy et al., 1985).

The recent work of Sardeshmukh and Held (1984) and
Sardeshmukh and Hoskins (1985) strongly suggests that
the time-mean tropical upper troposphere is nearly in-
viscid and highly nonlinear rather than highly viscous
and nearly /inear. The short length of the datasets (one
season) along with the sparseness of observations in
the tropics renders their results difficult to interpret at
very low latitudes. In the future as long, high quality
datasets both from observations and from GCMs be-
come available, the exact nature of the vorticity balance
in low latitudes should become better known.

As a step toward relating the simple linear-viscid
results (Gill, 1980), the complex time dependent GCM
results (Blackmon et al., 1983; Fennesy et al., 1985),
and observations (Rasmusson and Wallace, 1983;
Quiroz, 1983; Sardeshmukh and Hoskins, 1985), the
response to an idealized tropical diabatic heating
anomaly in a simple nonlinear model will be carefully
examined. As has proven useful in linear steady state
models, a single heating anomaly will be prescribed.
The two-level time dependent model described by
Hendon and Hartmann (19835, hereafter referred to as
HH) will be employed. This model is on a spherical



74 JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 43, No. 1

o
eq
308

FIG. 2. The December-February averaged zonal deviations of (a) the 250 mb streamfunction and (b) OIR. See text for details. Contour interval
in (a)is 5 X 10° m? s™' and in (b) is. 10 W m™2. The zero contour has been omitted and negative contours are dashed.

domain and utilizes spherical harmonics to represent
. the dependent variables. The use of the two-level model
to simulate planetary-scale tropical motion has been
demonstrated by Matsuno (1966), Webster (1972) and
Gill (1980). Determination of the nature and impor-
tance of nonlinearity, transients and dissipation for the
time-mean planetary-scale response to tropical diabatic
forcing is the major goal of this study.

The horizontal distribution of the tropical variance
is intimately related to the zonal asymmetries of the
time-mean circulation. The observed time-mean trop-
ical circulation exhibits regions of westerlies and east-
erlies which are associated with regions of enhanced
and diminished eddy kinetic energy, respectively
(Webster and Holton, 1982). The existence of enhanced
eddy kinetic energy in regions of tropical westerlies,
resulting from greater equatorward propagation of ex-
tratropical forced waves, was demonstrated by Webster
and Holton. Zangvil and Yanai (1980) and Yanai and
Lu (1983) presented evidence that the zonally averaged
tropical variance for westward moving waves was
strongly correlated with the meridional flux conver-

gence of wave activity from the extratropics. The lon-
gitudinal variation of the flux convergence and its re-
lation to the time-mean state were not examined. The
possibility of in situ enhancement (or diminution) also
exists. Wilson and Mak (1984) have proposed a mech-
anism whereby quasi-resonant, equatorially trapped
waves are excited by the interaction of an incident
midlatitude wave and a basic state tropical wave. This
mechanism seems most relevant to mixed Rossby-
gravity waves (periods ~5 days) and seems to exclude
lower frequency tropical waves. Hayashi (1974) showed
that the horizontal and temporal distribution of vari-
ance due to various tropical wave types exhibited
structure similar to that of tropical precipitation. The
in situ enhancement and possibly origin of the tropical
waves by precipation were strongly implied by these
results. However, no relationship between the variance
and the mean wind was discussed.

In the present study we will examine the longitudinal
as well as frequency dependence of the tropical variance
in the presence of time-mean asymmetries in the trop-
ical circulation. This study differs from Webster and
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Holton (1982) in which a stationary source of Rossby
waves was prescribed at various locations relative to
tropical westerlies of limited longitudinal extent. In the
present study the source of wave activity will be the
randomly produced waves from midlatitude baroclinic
instability and nonlinear interactions as well as the
tropical eddies present in the absence of time-mean
asymmetries. The only asymmetric forcing will be the
tropical heating anomaly. Determination of the im-
portance of wave propagation into the tropics and in
situ development for producing enhanced regions of
kinetic energy is another goal of this study.

2. Model details

The two-level (250 and 750 mb) spectral model was
fully described in HH. The model is formulated in
terms of the vertically averaged and vertically differ-
enced vorticity and potential temperature equations,
and a vertically differenced divergence equation. The
dependent variables are expanded in a series of spher-
ical harmonics truncated at rhomboidal 15. Diffusion
of vorticity, divergence and temperature is incorporated
at both model levels with a diffusion coefficient
x = 2.5 X 10 m? 57!, In addition a surface drag, which
linearly dissipates vorticity and divergence with an e-
folding decay time of 5 days, is imposed at the lower
level. A one hour time step is used and model data is
saved once per day after an initial 50 day spin-up.

The model is thermally driven by relaxing the po-
tential temperature back to a prescribed zonally sym-

"metric equilibrium temperature profile. The resulting
circulation (see HH for details) is a reasonable facsimile
of the observed December-February mean circulation.
To model the diabatic heating produced by steady
tropical precipitation, an additional heating term is
added to the vertical mean potential temperature
equation (i.e. the heating is distributed equally between
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the two model levels). The horizontal distribution of
the heating perturbation in all experiments is given by

() - )
10° 20°

Here ¢ is in degrees of latitude and A is in degrees of
longitude. Note that this distribution is symmetric
about the equator. The zonal mean is removed before
this heating is included. The magnitude of the heating
anomaly, 6., was varied, producing maximum time-
mean divergences between 1 X 107 and 5 X 1075 s7.
This is in the range of the observed time-mean diver-
gences (Sardeshmukh and Hoskins, 1985). Figure 3
displays the horizontal distribution of the upper level
divergence produced by the above heating anomaly.

The model integrations for all experiments were 500
days. The integrations started from rest; the zonally
symmetric and asymmetric heating were gradually im-
posed over a period of 20 days. Though the tropical
stationary waves were well developed after a much
shorter period, the integrations were carried out 500
days to eliminate as much noise as possible due to the
transients.

0 =0,exp

3. Model simulations
a. Time-mean flow

We present here the time-mean circulations for two
different magnitudes of the prescribed diabatic heating
anomaly. Figure 4 displays the time-mean upper level
vorticity and velocity vectors for a heating anomaly
which produced a divergence maximum of 2.5 X 107%
s!. We will refer to this as the normal heating anomaly.
Figure 5 is a similar display for the strong heating
anomaly which produced an upper level divergence
maximum of 3.5 X 107¢s™!. In both figures the zonally
averaged vorticity and velocity have been removed. The
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FIG. 3. The horizontal distribution of the time-mean eddy divergence at the upper model level
produced by the prescribed heating anomaly (see text). Contour interval is 7.5 X 1077 s™!, with

the zero contour omitted.
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FiG. 4. The 450 day mean (a) vorticity perturbation and (b) eddy wind vectors at the upper

model level for the normal heating anomaly. Contour interval in (a) is 2 X 1076 s™!, with the zero

contour omitted. The maximum magnitude in (b) is 7 m s™'.

zonally averaged circulation in both integrations is very

similar to that of the zonally symmetric model de-

scribed in HH. The two solutions shown are charac-

teristic of the response to heating anomalies which

produce divergences less than and greater than about

3 X 107¢s™!, The transition between the two responses
- is a gradual one as the heating rate is increased.

It is immediately obvious that the upper level anti-
cyclones are shifted eastward 30° for the strong heating
as compared to the normal heating. The normal heating
solution looks very similar to the viscous-linear solu-
tions found by Gill (1980). We emphasize, however,
that both solutions here are for an upper troposphere
that is essentially inviscid (as will be verified below).

The response at the lower level is similar for all ex-
periments and hence we show only the time-mean cir-
culation for the strong heating case (Fig. 6). The in-
phase (in longitude) relationship between the upper
level anticyclone and divergence is never seen for the
lower level cyclones and convergence, no matter how
strong the hedting or surface drag. The Kelvin wave,
with no meridional velocity, is clearly seen to the east

of the heating. The Rossby wave, with poleward motion
in the region of heating as predicted by Gill (1980), is
also clearly seen.

The extratropical vorticity perturbation for both
cases is shown in Fig. 7. We concentrate here on the
northern hemisphere. The response in the Southern
Hemisphere is weaker due to the greater latitudinal
extent of the tropical easterlies in the Southern Hemi-
sphere. The difference between the response to strong
and normal heating, which we emphasize in the
Northern Hemisphere. The response in the Southern
Hemisphere.

The well known Rossby wavetrain, propagating
along a great circle away from the normal heating, is
seen in Fig. 7. The strong heating response (Fig. 7) is
again shifted eastward about 30° longitude. Though
the magnitude of the tropical response has more than
doubled while the forcing has increased only 50%, the
magnitude of the extratropical response exhibits less
sensitivity. In both cases the lower level response is
trapped along the equator with minimal perturbations
seen in the extratropics (not shown).
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" b. Perturbation vorticity budget

The better agreement of the strong heating solution
with observations, the marked difference between it
and the viscous-linear solutions (Gill, 1980) and the
reasonable response in this nonlinear model to both
normal and strong diabatic heating despite the absence
of any strong upper troposphere dissipation suggest that
nonlinearity may be fundamental to the structure of
the upper-tropospheric tropical circulation. The vor-
ticity balances for both the strong and normal heating
may be essentially different than that predicted by
steady linear—viscous ‘models. To highlight the asym-
metric response to the heating anomaly and to allow
for ready comparison to linear theory, the nonlinear
eddy vorticity budget will be calculated. For the two-
level model, the eddy vorticity equation at the upper
level (neglecting diffusion) is:

af* 1 3 19[8) -
aLtz _[u]acosqigg)\—— (B +26[_d§>]) v*
(@) ®
— ([S1+ )V - V* — (V. 5V
() (d)
-~ (V- 'V — VD, —UD).
(e) (f)

Brackets denote zonal averages and asterisks denote
deviations from that average. Overbars imply time av-
erages, while primes are deviations from the time av-
erage. The definition of 4, V, U, V and D are as in HH:

aB)
+ cos¢p —

A, B) = %

1 (a_A
a cos’p \9\
V = (u, v)

U = cose(u250 mb — U250 mb)/2

V = cos¢(V250 mb — V750 mp)/2
D=V.V,

The other notation is standard. The diffusion and ten-
dency were terms found to be an order of magnitude
smaller than any of the other terms and hence are ne-
glected. Terms a and b are the linear advection of vor-
ticity by the zonal and meridional wind. Term c is the
linear production of eddy vorticity by eddy divergence.
As stated above, simple scaling shows V - V* to be de-
termined by Q* (the prescribed diabatic heating per-
turbation). Term c can be thought of as the imposed
linear forcing of relative vorticity. Term d is the steady
nonlinear flux divergence and term e is the transient
flux divergence of eddy vorticity. Term f contains the
twisting and vertical advection in the two-level for-
mulation.

The linear balance of Gill (1980) is essentially the
Sverdrup balance of term b and term c along with a
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dissipation term. The balance found by Holton and
Colton (1972) was between term ¢ and a very strong
dissipation. Clearly this is not the balance in these
model results because there is insignificant dissipation
at the upper level.

The terms in the time-mean vorticity budget at the
upper level for the normal and strong forcing are dis-
played in Figs. 8 and 9. We have found that the linear
advection of relative vorticity by the zonal wind is very
noisy and dominated by small-scale features. Following
Sardeshmukh and Hoskins (1985) we applied a spectral
filter to the zonal wind and zonal gradient of relative
vorticity before their product was formed. The spectral
filter is given by

S, = exp{—K[n(n + DI}

where 7 is the total wavenumber on the sphere and K
= 6.4 X 107%, The application of this filter greatly re-
duced the small-scale noise. To be consistent, all fields
were filtered prior to forming derivatives and products,
though only the zonal advection term was significantly
affected. :

As is obvious in examining Figs. 8 and 9, the low
latitude vorticity budget is difficuit to interpret even
for this idealized integration. The linear generation of
vorticity by divergence, term c, exhibits the anticipated
dipole about the equator in the region of the applied
heating. The exclusion of [¢] in term ¢ would approx-
imately double the magnitude of the divergence forcing
at the upper level. The inclusion of the basic state rel-
ative vorticity in term c is of fundamental importance.

Locally, the essential balance of the linear divergence
forcing appears to be due to the vertical advection and
twisting term. However, for both cases, relatively weak
linear divergence forcing results in relatively strong
linear advection. The linear zonal advection of relative-
vorticity nearly compensates the linear-meridional ad-
vection of absolute vorticity. Apparent in both cases is
the tendency of the meridional advection to produce
negative (positive) vorticity poleward and to the west
(east) of the divergence. The resultant vorticity pertur-
bation for the normal forcing (Fig. 4a) appears to be
determined by this tendency.

For both cases the steady nonlinear term exhibits
the same tendency. The relative magnitude of the
steady nonlinear term, however, is about four times
larger for the strong forcing (Figs. 8d and 9d). This
significant change appears to be the major cause of the
eastward shift of the upper level anticyclones. The
steady nonlinear term along the equator basically ex-
hibits the same tendency as the linear zonal advection
to the east and west of the divergence. The tendency
of the linear meridional advection to produce negative
vorticity to the west of the divergence (as in Gill’s linear
model) is greatly reduced by the addition of this non-
linear term. Note that this steady nonlinear term can
be decomposed as






