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ABSTRACT

The effects of condensational heating on midlatitude transient waves in their mature stage are re-
examined by comparing moist and dry GFDL spectral general circulation models, both of which have all
ocean surfaces with prescribed zonally uniform temperature. The zonal mean states of both models are
fixed in time so as to be identical throughout the time integration.

It is found that the transient eddy kinetic energy is significantly enhanced for all wavenumbers by the
effect of latent heat release. This increase is primarily due to an increase in baroclinic conversion from
the zonal available potential energy and only partly due to the generation of eddy available potential

energy by condensational heating.

1. Introduction

There have been several numerical experiments
to study the effects of condensational heating on the
development of midlatitude disturbances (Manabe
et al., 1970a; Nitta and Ogura, 1972; Gall, 1976c;
Ninomiya, 1980) as well as tropical disturbances
(Manabe and Smagorinsky, 1967; Manabe et al.,
1970b; Hayashi and Golder, 1978).

Manabe et al. (1970a) demonstrated, using moist
and dry general circulation models, that moist con-
vective adjustment (Manabe e al., 1965) significantly
increases energy conversion from eddy available po-
tential energy for high wavenumber (10-20) in the
midlatitudes of the model. Without moist convec-
tive adjustments, their model exhibited a greater
and sharper spectral peak at wavenumber 5, in-
dicating large-scale baroclinic waves. This result
seems to be due to the fact that the latitudinal gra-
dient of the mean temperature of the dry model be-
comes very large in the absence of a meridional
transport of latent heat which would reduce the tem-
perature gradient imposed by a sensible heat flux
from the surface.

On the other hand, Nitta and Ogura (1972), using
a limited domain model with no sensible heat flux
from the surface, found a preferential development
of intermediate scale (~1000 km =~ wavenumber 30)
cyclones when moist convective adjustment was in-
cluded. Their model was designed to represent a
region with small Richardson number and high hu-
midity. Since the ‘‘moist’’ Richardson number with

the effect of condensational heating is of the order
of 1, their result was consistent with earlier the-
oretical studies by Gambo (1970a,b), Tokioka (1970,
1971, 1972, 1973) and Stone (1970, 1971). Their re-
sults showed that intermediate-scale cyclones be-
come baroclinically unstable due to non-geostrophic
effects if the moist Richardson number is of the
order of 1. Recently, Ninomiya (1980) found that
the Asian subtropical front is remarkably enhanced
by the moist convective adjustment in his forecast
model.

The effects of latent heat release on growing baro-
clinic waves was studied by Gall (1976c), using a
channel model based on a GFDL general circulation
model in which there was no heat flux from the sur-
face. According to his experiment the eddy Kinetic
energy is enhanced for all wavenumbers (1-30) by
an order of magnitude within several days when
moist convective adjustment is added to a dry model.
However, this result does not necessarily imply that
the eddy kinetic energy of a dry model is enhanced
by an order of magnitude when the waves are already
in a mature stage.

In order to find the climatological effect of con-
densational heating on transient midlatitude waves,
the present paper compares moist and dry general
circulation models whose zonally uniform mean
states are computationally fixed in time so as to be
identical throughout the time integration. It is as-
sumed that this procedure has the same impact on
both the models.
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FiG. 1. Latitude-height distribution of the model’s zonal wind for January.
Contour intervals are 5 m s™'.

The following questions are addressed:

1) Is the kinetic energy of finite-amplitude waves
significantly increased by condensational heating in
the mature stage?

2) Is the increase primarily due to the generation
of eddy available potential energy by condensational
heating?

In the next section the models used in the experi-

ments are described, while in Section 3 the results -

from the moist and dry models are compared. Con-
clusions and remarks follow in Section 4.
2. Brief description of the models

The present experiments use a model based on a
9-layer, 21-wavenumber (rhomboidal truncation)

spectral general circulation model as described in
Manabe et al. (1979).! The biharmonic viscosity
coefficient used in the models is given as 0.25 x 10**
cm* s7!. The original model’s surface is replaced
by an all ocean surface with zonally uniform tem-
peratures that were taken from the January zonal
mean of ocean and ground temperatures of a 30-
wavenumber spectral model with no mountains.
This model also supplied the January zonal mean
state used in creating the initial conditions for the
model’s integrations.

Initially, small random disturbances are added to
the temperature field and while the integration pro-

! Manabe, S., D. G. Hahn, and L. Holloway, Jr., 1979: Climate
simulations with GFDL spectral models of the atmosphere: Effect
of spectral truncation. GARP Publ. Series, No.22,Vol. 1,41-94.
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Fi1G. 2. Latitudinal distribution of zonal mean air temperature (°C). Model (solid curve) at
the surface is for the January mean. Observation (dashed curve) at 1000 mb for December—

February after Newell ez al. (1972).
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Fi1G. 3. Vertical distribution at 45°N of zonal mean temperature for January of thc'
model (solid line) and observed (dashed line) taken from Oort and Rasmusson (1971).

Dotted line shows a moist adiabat.

ceeds, the zonal mean state is fixed in time by re-
placing the zonal mean temperature, vorticity and
divergence by their initial values. The seasonally
varying insolation variables as well as the surface
temperature are fixed at January mean values.

In the dry model, moisture has been removed ex-
cept for the effect of the climatological mean water
vapor used in radiation calculations. Also, both
models adjust the vertical temperature distribution
to the dry adiabatic lapse rate, whenever the strati-
fication becomes dry adiabatically unstable. Previous

dry GFDL general circulation models adjusted the
vertical temperature distribution to the moist adi-
abatic lapse rate in order to keep the mean stratifica-
tion realistic. In the present dry model this modifica-
tion is not necessary since the zonal mean tempera-
ture is fixed in time. In the moist model, moist
convective adjustment occurs whenever the relative
humidity is 100% or greater and the computed lapse
rate exceeds the moist adiabatic lapse rate.

Fig. 1 shows the latitude—-height distribution of
the imposed mean zonal wind. Although the strato-
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_F1G. 4. Wavenumber-time section of kinetic energy integrated vertically over
levels 1000-200 mb and latitudes 30-60°N. Dry (left) and moist (right) models.
Contour intervals 1, 2, 5 x 107'-10° J m~2; dark shade >1 x 10°, light shade

<1 x 10%,

spheric westerlies are too strong, it is not likely to
have a serious effect on the tropospheric transient
waves. Fig. 2 displays the latitudinal distribution of
the zonal mean surface temperature as well as the
observed 1000 mb temperature for December-
January-February. As indicated, there is good
agreement between the two. The vertical tempera-
ture profile at 45°N of the model and that observed,
along with the moist adiabat are shown in Fig. 3.
Here, it is indicated that in the lower troposphere
the model lapse rate is close to moist adiabatic be-
cause of moist convective adjustment, while that ob-
served is less than moist adiabatic.

3. Comparison between moist and dry models

a. Spectral distribution

It is of interest to investigate the effect of con-
densational heating on the wavenumber spectral dis-
tribution of eddy kinetic energy. Fig. 4 shows the
wavenumber—time sections of spectral Kkinetic
energy integrated over the tropospheric levels (1000-
200 mb) and latitudes 30-60°N. The stratosphere
was not included because the zonal mean wind (Fig.
1) is not realistic. It is seen that all the wavenumber
components grow faster and attain larger kinetic
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FiG. 5. Time distribution of kinetic energy (wavenumber = 5-8) integrated
vertically over 1000-200 mb and averaged over 30-60°N. Moist (solid line) and
dry (dashed line) models. The slope of slanted lines indicates e-folding time (7) of

the square root of kinetic energy.
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FiG. 6. Wavenumber spectral distribution of kinetic energy
integrated over 1000-200 mb and averaged over 30-60°N and
days 31--90. Moist (solid line) and dry (dashed line) models. The
slanted line indicates —3.0 slope in logarithmic representation.

energy in the moist model (right) than in the.dry
model (left). :
According to linear models run with realistic
" basic states (Gall, 1976a; Simmons and Hoskins,
1977; Fredericksen, 1978), the most unstable baro-
clinic waves are associated with wavenumbers
higher than the observed wavenumbers (4-6). Gall
(1976b) showed that wavenumber 5 ultimately at-
tains the largest amplitude if a zonal-wave inter-
action is allowed. The present experiment shows
that even when the zonal mean is fixed in time,
wavenumbers 4-5 attain the largest eddy Kkinetic
energy. This is probably the result of low wavenum-
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F1G. 7. As in Fig. 6 except for energy conversion (Ag, Kz) from
eddy available potential energy to eddy kinetic energy.

ber components being allowed to change with time
in the present experiment.

In Fig. 5 the growth of waves with time can be
seen in the tropospheric integral of eddy kinetic en-
ergy integrated over wavenumbers 5-8. For the first
four days of integration there is little difference be-
tween the moist and dry waves. This is because the
moist model is not initially saturated. At day 15 the
dry wave’s energy is three orders of magnitude less

than that of the moist wave. After day 35 the dry
wave has less than half the eddy kinetic energy of the
moist wave.

The tropospheric integral of eddy kinetic energy

VoLUME 38



NoOVEMBER 1981

NOTES AND CORRESPONDENCE

ENERGY CONVERSION (A,A ) = 1.53 Watt m™2

w—r—r——1rrT—r-—T-r—T"TJ1"T

19 21

WAVENUMBER

FiGc. 8. Wavenumber spectral distribution of energy conversion (4., Ag) from -
zonal available potential energy to eddy available potential energy integrated over
1000-200 mb and averaged over 30-60°N and days 31-90. Moist (solid line) and
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dry (dashed line) models.

and conversion from eddy available potential energy
(—a'w') in a wavenumber spectral distribution for
both the dry and moist waves is presented in Fig.
6 and Fig. 7. The integrals were also averaged over
the latitude band 30-60°N and represent the last
60 days of each experiment (days 31-90). Interest-
ingly the relative spectral distribution of the dry
wave is not significantly altered in the absence of
condensational heating. In particular, the spectral
distribution of kinetic energy for wavenumbers
greater than 8 is close to the observed minus third
power law.

b. Energetics

It also is of interest to investigate the differences
in the energetics of the moist and dry waves.

The equation for eddy available potential energy
is approximately given by

0A 0Ty — -
E =y 20T + Wle,)T'J — &'’
ot - rof
+ nonlinear term, (3.1)
where _
Ag = VauT’? 3.2)
and
R
3.3)

¥ T DIkTHIP — oT"/oP)

Here v is the meridional component of the wind, T
is the temperature, J is the heating rate per unit mass,
« is the specific volume and w is the vertical pressure
velocity. The overbar and prime denote zonal-time

ENERGY CONVERSION (MOIST MODEL) = 1,53 Watt m™2
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Fi1G. 9. Wavenumber spectral distribution (moist model) of energy conversion
and generation by adiabatic heating integrated over 1000-200 mb and averaged
over 30-60°N and days 31-90.
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mean and deviation, respectively, and (— )¥ is the
. global time average. The explicit expression for the

nonlinear term is given by Hayashi (1980), although
* this term is not estimated in the present paper.

. By viewing Fig. 8 it can be seen that the conver-
sion term of zonal to eddy available potential energy
is halved in the absence of condensational heating.
Fig. 9 shows that the generation of eddy available
potential energy by condensational heating is ~10%
of the baroclinic conversion and is counterbalanced
by radiational effects and the vertical diffusion of
temperature. Observationally, condensational heat-
ing contributes very little to the energetics of extra-

. tropical cyclones (for a review see Smith, 1980).

Thus, energetically, the decrease of eddy kinetic
energy in the dry wave is primarily due to the reduc-
tion in the conversion from zonal available potential
energy and only partly due to the absence of con-
densational heating.

4. Conclusions and remarks

By comparing moist and dry general circulation
models with identical zonal mean states fixed in time,
- the following conclusions were found:

(i) The transient eddy kinetic energy in the mature
stage is significantly increased for all the wavenum-
bers (1-21) by the effect of condensational heating.

@i) This enhancement.is primarily due to an in-
crease in baroclinic conversion from zonal available
potentlal energy and only partly due to the genera-
tion of eddy available potential energy by condensa-
tional heating. .

The conclusion reached in (i) differs from that of
Manabe et al. (1970a) who found a larger and sharper
spectral peak at wavenumber 5 in their dry model
than they found in their moist model. However,
their dry model was associated with a larger lati-
tudinal temperature gradient than their moist model,
whereas the models used in the present study have
identical and fixed temperature gradients. The effect
of condensation, or rather the lack of it, may explain
why Kida (1977) found very little eddy kinetic en-
ergy in his dry general circulation model in which
the zonal mean temperature is kept close to that
observed by Newtonian cooling.

The conclusion (ii) may be explained, to some
extent, by the increase in growth rate due to reduced
static stability by the effects of condensation. The
model’s Richardson number is typically ~20 in the

lower troposphere’s midlatitudes in the winter:

hemisphere, while the moist Richardson number
defined by the use of the equivalent potential tem-
perature is ~10. This reduction in static stability
increases the growth rate of wavenumber 5 by a fac-
tor of 2 based on'the dispersion relation given by
Phillips’ (1954) quasi-geostrophic two-layer model.

;lOURNAL OF THE ATMOSPHERIC SCIENCES
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The increase in baroclinic conversion at the low
wavenumbers may be due to nonlmear interactions
with the higher wavenumbers.
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