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ABSTRACT

The role of the parameterization of vertical convection in calculating the climate impact of doubling CO,
is assessed using both one-dimensional radiative-convective vertical models and in the latitude-dependent
Hadley-baroclinic model of Lindzen and Farrell (1980). Both the conventional 6.5 K km™' and the moist-
adiabat adjustments are compared with a physically-based, cumulus-type parameterization. The model with
parameterized cumulus convection has much less sensitivity than the 6.5 K km™' adjustment model at low
latitudes, a result that can be to some extent imitated by the moist-adiabat adjustment model. However,
when averaged over the globe, the use of the cumulus-type parameterization in a climate model reduces
sensitivity only ~34% relative to models using 6.5 K km™' convective adjustment. Interestingly, the use of
the cumulus-type parameterization appears to eliminate the possibility of a runaway greenhouse.

1. Introduction

Recent studies have shown that the atmospheric
carbon dioxide concentration has increased by ~15%
in the past century (e.g., Keeling, et al., 1976). The
causes seem to be primarily the burning of fossil fuels
and deforestation. If this trend continues, the amount
could conceivably double by the early parts of the
twenty-first century, as projected by Bacastow and
Keeling (1973) and Hoffert (1974). Since CO, ab-
sorbs thermal radiation leaving the earth’s surface,
an increase of CO, content would lead to a warming
of the troposphere; this in turn would cause an in-
crease of water vapor content in the atmosphere,
which has an even stronger positive feedback on tem-
perature. As a result, it is expected that increases in
the atmospheric CO, content will result in significant
changes in the surface temperature.

The effect of an increase in CO, on the globally-
averaged surface temperature has been estimated in
a number of studies based on one-dimensional, “ver-
tical-column energy-balance” radiative-convective
models. [See Ramanathan and Coakley (1978) for
an extensive review on the existing radiative-convec-
tive models.] Using the “lapse-rate adjustment” pro-
cedure developed by Manabe and Strickler (1964)
to simulate the effects of moist convection in a ra-
diative-convective model, Manabe and Wetherald
(1967) estimated that increasing the CO, content
from 300 to 600 ppm would raise the global surface
temperature by 2.4 K. Later Manabe (1971) ob-
tained a 1.95 K increase with an improved radiative
model. Subsequent model studies, including simu-
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lations by general circulation models, have predicted
increases between 2 to 4 K for a doubling of the
present-day CO, amount (Manabe and Wetherald,
1975; Schneider, 1975; Ramanathan, et al., 1979;
Manabe and Wetherald, 1980). Most recently, Man-
abe and Stouffer (1979, 1980) reported a global-
mean increase of 4 K for a quadrupling of the pres-
ent-day CO, amount and showed that ice/snow feed-
backs modestly increase the sensitivity. In view of
the uncertainties involved in modeling the complex
radiative and convective processes in the atmosphere,
these estimates are not all that different. ™

The lapse-rate adjustment scheme is a numerical
procedure by which the computed local lapse rate is
set to a specified “critical lapse rate,” whenever it
becomes supercritical. This process is carried out for
all supercritical layers without changing the mass or
total energy of the column. This produces throughout
the bulk of the troposphere a “convective regime”
characterized by a constant lapse rate given by the
critical lapse rate. Usually this critical value is taken
to be 6.5 K km™' for a standard atmosphere. Al-
though in terms of its climatic impact a 2 K increase
in the globally-averaged surface air temperature is
a significant perturbation, it corresponds to only a
0.7% change of the global surface temperature of
288 K. A change of this size can result from a change
of a mere 0.2 K km™! in the tropospheric lapse rate.
Clearly, the predicted increases are small responses
in the context of model uncertainties. Recent studies
show that the global-mean surface temperature sen-
sitivity may be reduced by 25-60% using the moist-
adiabatic lapse rate in an adjustment model (Hansen
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et al. 1981; Chylek and Kiehl, 1981; Ramanathan,
1981; Hummel and Kuhn, 1981a). In this study we
re-examine this effect using a physically-based pa-
rameterization for convection rather than an adjust-
- ment. We show that the reasons for reduced sensi-
tivity are as follows: 1) the heat lost from the surface
through evaporation and upward sensible heat fluxes
is deposited by cumulus clouds at a higher level
where it is more effectively radiated to space; and
2) the freedom of a variable lapse rate allows radia-
tive perturbations to be accommodated locally near
the tropopause, without being carried through a fixed
lapse rate to the surface. As a result, the perturbation
response of a cumulus model tends to concentrate at
the cloud-top levels rather than the uniform response
of a fixed-lapse-rate model; this would then lead to
a smaller greenhouse feedback. These features are
indeed mimicked by moist-adiabatic adjustments for
the present problem, but it is not clear that this will
be generally true. '
Our physically-based cumulus parameterization
is that outlined by Lindzen (1979, 1981), which is
a slight generalization of that given in Stevens and
Lindzen (1978). These convective models are briefly
described in Section 2. We attempt first to compare
the various convective schemes in the context. of a
simple, self-consistent radiative model that responds
directly to the solar forcing, namely, a non-grey
model based on Rodger’s (1967) emissivity formu-
lations for water vapor and CQ, absorptions and
Lindzen and Will’s (1973) approximation for ozone
heating. We are able to show that the cumulus pa-
rameterization is indeed less sensitive to radiative
perturbations than the convective adjustment for suf-
ficiently high surface temperatures. Under tropical
conditions the sensitivity to doubling CO, can be
reduced by as much as 80% by using cumulus pa-
rameterization, while at high latitudes the two con-
vective models are comparable. Averaging the ra-
diative-convective results globally reveals a net
reduction of 34% by the cumulus model in the global
sensitivity to CO, doubling. These calculations are
presented in Section 3. In Section 4 we study the
effects of convective parameterization in the global
climate model developed by Lindzen and Farrell
(1980). Our results, consistent with GCM results
(Manabe and Wetherald, 1975; Manabe and Stouf-
fer. 1980), show that globally-averaged sensitivities
are increased by ice/snow feedbacks, and that sen-
sitivities at high latitudes are amplified compared to
those in regions free of ice/snow. In this case too,
however, sensitivities are decreased by ~30% when
- convective adjustment is replaced by the cumulus-
type parameterization. Section 4 shows that one-di-
mensional calculations are easily extended to a global
latitude-dependent model.

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 39

2. Simple models of moist convection
a. The conventional lapse-rate adjustment

A widely used numerical procedure that simulates
the effects of small-scale convection in one-dimen-
sional, radiative-convective calculations is to set the
local lapse rate to a specified “critical” lapse rate
whenever it becomes supercritical; otherwise the con-
dition of local radiative equilibrium is satisfied. The
scheme effectively cools the surface and redistributes
heat vertically, while requiring that the total “con-
vective heating” induced by adjustment processes be
equal to the net radiative deficit at the ground. The
radiative-convective equilibrium temperature profile
is balanced locally by radiative cooling and the “con-
vective heating” implied by the adjustment of lapse
rates. In a steady state, the net outgoing longwave
radiation must equal the net incoming solar insola-
tion. For what we shall call the “conventional lapse-
rate adjustment approach,” we will calculate the ra-
diative-convective equilibrium temperature as the
steady-state solution to an initial-value problem. At
every step in the forward time marching we apply
the lapse-rate adjustment, following the numerical
procedure outlined in Manabe and Strickler (1964)
and Manabe and ‘Wetherald (1967). For the critical
lapse rate we adopt their value of 6.5 K km™', which
roughly corresponds to the mean tropospheric lapse
rate of the standard atmosphere. The implied small-
scale convective heating rate Q, at a given time step
can be defined as

_ (T - Tg)
Qc - pCp At Py

where C, is the heat capacity of dry air, p the density
of air, T the instantaneous temperature profile de-
termined by radiation alone, T is Tk with the su-
percritical lapse rates adjusted to the specified crit-
ical value, and At is the size of the time step. Since
it is stipulated in the adjustment process that no tem-
perature discontinuity should exist (hence the ground
temperature equals the air temperature at the
ground), and that there is no heat exchange at the
ground, the vertical integral of Q. must balance the
radiative deficit at the surface.

(1)

b. Physical parameterization of convection

An alternative to the semi-empirical, lapse-rate
adjustment approach is the physically-based cumulus
parameterization described in Lindzen (1978, 1979,
1981) and Stevens and Lindzen (1978). This pa-
rameterization is generalized to include dry convec-
tion in Lindzen (1978). Here we will briefly sum-
marize the procedures. The convective heating
originates in the fluxes of latent and sensible heats
from the surface. The surface fluxes are given by
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E = Cpus[q{Ty) — q(T(0))], (2a)
F,; = CDu*Cp[T* - T(O)], (Zb)

where E is the evaporation, F, the sensible heat flux,
Cp the aerodynamic drag coefficient, u, a “gustiness”
factor, T(0) the air temperature at the ground, and
T, the ground temperature. The water vapor mixing
ratios g and g, are obtained as follows: The saturation
mixing ratio g, is given by the Clausius-Clapeyron
relation as

1 1
q{T) =q exp[qz(273 ;)]

q, =0.622¢,/p, q.=L/R,,

e, is the equilibrium water vapor partial pressure at
T = 273 K; p the total pressure, L the latent heat
of evaporation, and R, the gas constant of air. We
let r denote the relative humidity. Then

, q(T) = rq(T). (3b)

Following the interpretation given in Stevens and
Lindzen (1978), we can express the convective heat-
ing rate as

(3a)

where

0.=-

dF, dT g) )

7 _—._CPME(Z + 'C—p

where F, denotes the convective heat flux, and the
convective mass flux M_, as a first approximation, is
taken to be constant between z = 0 and the top of
the convective region at z = Z;. The detrainment
level Z; is given by the intersection of the surface
moist enthalpy with the ambient dry enthalpy, i.e.,

where ¢(0) denotes g[ T(0)]. The value of M, is cho-
sen so that the integrated heating given by (4) equals
the heat released from the surface; that is

Z
CMfT(dT g)dz—LE+F

gZr
C,

P

-C M[T(ZT) ~ T(0) + ] = M.Lg(0), (6)

or
_LE+F,
°7 Lq(0) -
_ Cpus{L[q{Ty) — q(0)] + Cp[T* — T(0)]}
Lq(0) '
(7

Here M, has the property of becoming infinite as
L — 0. In the light of (4), this means that the pa-
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rameterization reverts to the dry convective adjust-
ment in this case. Since in thermal equilibrium the
temperature must be continuous at the cloud top,
where Q. vanishes, the lapse rate immediately below
Z; must be adiabatic, corresponding to neutral static
stability. Above the cloud top, Q. = 0, and the strat-
osphere is in local radiative equilibrium. Incorpo-
rating this parameterized heating- into a radiative
model, we can obtain the radiative-convective equi-
librium temperature with both the convective heating
rate and the actual lapse rate profile calculated ex-
plicitly. We will refer to this as the “cumulus” ra-
diative-convective model.

It should be noted that (7) relates cumulus mass
flux to surface fluxes. In fact, dependence on low-
level convergence should also be included (Lindzen,
1981). However, in the context of our global cal-
culations presented in Section 4 this is unimportant.
The point is that the details of cumulus parameter-
ization are only important in the Hadley regime,
where Schneider (1977) has shown that the response
is primarily to total heating and where the effects of
low-level convergence and divergence cancel (viz.,
Section 4).

3. Results for radiative-convective equilibrium
a. Case studies

The state of radiative-convective equilibrium is
obtained as the steady-state solution to an initial-
value problem. The radiative model, which is based
on Rodgers’ (1967) emissivity approximation for the
longwave H,0 and CO, absorptions and Lindzen and
Wills’ (1973) formulation for the shortwave ozone
heating, is described in the Appendix. The effect of
clouds on the earth’s climate sensitivity is still poorly
understood. The inclusion of fixed clouds would in-
troduce a number of parameters such as cloud height,
thickness, coverage and radiative properties. Since
it is not clear whether a fixed-cloud model based on
parameters derived from uncertain and highly vari-
able data can predict the climate sensitivity of an
atmosphere with interactive clouds, we have decided
to use a clear-sky radiative model to test the role of
convective models. Also, Hummel and Kuhn (1981b)
have recently shown that major sensitivity differ-
ences exist between fixed and interactive cloud mod-
els in one-dimensional radiative-convective calcula-
tions. Obviously, our ignorance concerning clouds is,
as has often been noted, a serious source of uncer-
tainty in sensitivity studies. The solution to this prob-
lem is less obvious.

The finite-difference model has a vertical resolu-
tion of 40 levels between z = 0 and 40 km. Steady-
state solutions correspond to net heating rates <107>
K day™ at all levels. For calculations presented here
we have adopted the following parametric values: the
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constants for the saturation mixing ratio of water
vapor in (3) are taken to be ¢, = 3.751 X 107 at

= 1000 mb and g, = 5.417 X 10° K. The relative
humldlty profile is taken from Manabe and Weth-
erald (1967) with the surface relative humidity set
at 80%. The value used for the drag formula pa-
rameter Cpu, in (2), which controls evaporation and
sensible heat fluxes at the surface, unless otherwise
specified, is assumed to be 0.0124 m s~'. If we in-
terpret Cp as the aerodynamic drag coefficient over
a smooth ocean surface [Priestly (1959) gives Cp
= 0.0024], then the value Cpuy = 0.0124 m s™! cor-
responds to a surface boundary layer velocity of 5
m s '. Alternatively, we can model surface evapo-
ratlon and sensible heat fluxes in terms of small-scale
turbulent mixing, as in Sarachik (1978): that is,
Cpu, can be replaced by Chu, where ) is a char-
acteristic turbulent mixing velocity; C, is the tur-
bulent mixing coefficient defined as «/In(L,,/Lg); Lg
is the roughness parameter for a smooth surface
~0.1 m, L,, the Monin-Obukhov length ~10 m, and
x the von Karméan constant = 0.4, or C; = 0.124.
In this case, the reference value Chuy = 0.0124 m
s~! corresponds to uy = 0.1 m s,

Since in these calculations the amount of ozone
heating is specified, we will regard the solar radiation
absorbed at the.ground (Foy) as an independent pa-
rameter. Fo, the solar radiation the system actually
receives, is taken to be the net outgoing longwave
flux at the top of the model atmosphere in radiative-
convective equilibrium. It should be noted that for
a given radiative-convective temperature profile
characterized by the surface temperature T, F rep-
resents a unique outgoing infrared flux at the model
top. Extensive use will be made of this interpretation
in Section 4. For easy reference F can be expressed
in terms of the observed solar flux distribution of the
form given in Lindzen and Farrell (1980), i.e.,

Fo(8, a) = (1 — a)Se[1 — 0.482P,(sind)], (8)

where 8 is latitude, « albedo, P, the second Legendre
polynomial, and the solar constant S is taken to be
1380 W m™2.

Numerical solutions for radlatlve convective equi-
librium profiles were calculated for a series of values

of solar flux Fg, ranging from 420 to 30 W m % To

test the models’ sensitivities to CO, perturbations,
for each value of Fg results were obtained for the
standard and doubled amounts of CO, using the 6.5
K km™ lapse-rate adjustment model, the moist-adi-
~abatic adjustment model, and the cumulus model.
In the following section we will compare in detail the
model results for two cases: (i) Fo = 274 Wm™2, a
value for which the lapse-rate adjustment model
gives the reference surface temperature 7, = 288
K, close to the global-mean surface temperature cal-
culated by Manabe and Wetherald (1967) and later
obtained by Manabe (1971) using an improved ra-
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_ diation model. This solar flux value is slightly higher

than a typical incident solar flux value at midlati-
tudes given an albedo of 0.3. The second case (ii) is
Fg = 353 W m™2, which corresponds to a = 0.18 at
the equator according to (8). These results are sum-
marized in Tables 1 and 2.

Table 1 gives the radiative-convective equilibrium
results for the case Fp, = 274 W m™2 The notations
used here are T, is the ground temperature; T(0)
the air temperature at the ground (z = 0); A, = T,
— T(0) is the temperature discontinuity at the
ground; AT, and AT(0) are the increases in Ty and
T(O) respectively, due to a doubling in CO, content;
T is the mass- welghted vertical average of T(z);
AT is the change in T resulting from doubling the
CO, amount; Zis the height of the convective region
referred to as the “cloud top;” Fox is the solar flux
absorbed at the ground; (Q,) is the total (vertically
integrated) convective heating; in cases that the sur-
face flux condition is A; = O this is given by the

radiative deficit at the surface; with the parameter-

ized surface-flux condition this equals the total con-
vective flux LE + F,; P is the precipitation inferred
from LE; and g[ T(0)] is the water vapor mixing ratio
defined in (3b). The Bowen ratio is by definition the
quotient of the surface sensible heat flux and the
latent heat release at the surface, i.e., F,/LE.

For values of u/, ranging from 0.15 to 0.05 m s™',

- Table 1 shows that the surface temperatures given

by the various models differ by less than 1% for the
“midlatitude” value of Fp = 274 W m™2 In the con-
ventional 6.5 K km™ lapse-rate adjustment model,
the surface flux boundary condition A, = O requires

= T(0). A doubling of CO, leads to an increase
of 1.978 K in the surface temperature, similar to that
reported by Manabe (1971). In the case of the cu-
mulus model, the parameterized surface energy flux
(LE + F,) allows a temperature discontinuity at the
ground. The results show that the effect of the sur-
face drag coefficient Chuy is to regulate the size of
A, by controlling the rate of evaporation and sensible
heat fluxes without significantly altering the ground
temperature itself. Ultimately, as Cpuy, — 0, the
solution would, of course, approach the pure radia-
tive equilibrium state. In cases where the small-scale
turbulent mixing in the surface layer is sufficiently
vigorous to maintain a temperature discontinuity of
the order of only a couple of degrees at the surface,
the cumulus model is indeed less sensitive to CO,
perturbations than the adjustment model, as argued
in Section 1. A similar sensitivity reduction is also
obtained in the case of the moist-adiabat adjustment
model with the parameterized fluxes at the surface.
This is in agreement with the 25-60% reduction
found by Hummel and Kuhn (1981a) using a con-
siderably more elaborate radiation model. It will
become evident as we later examine the vertical
structures of these solutions that the adjustment to
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TABLE 2. Radiative-convective equilibrium results for Fo = 353 W m™2

6.5 K km™' adjustment model Moist-adiabat Cumulus model
adjustment model
F'(z = 0) F(z=0)=¢T4 = Fou + F(z=0)— (LE + F,)
Surface flux = oT% = oT(0)*
condition ofs =0 uy=010ms™" uy =010ms™!
Standard CO, Double CO, Standard CO, Double CO, Standard CO, Double CO,
T, (K) 321.886 326.425 309.075 310.260 308.876 309.692
7(0) (K) 321.886 326.425 308.118 309.469 307.626 308.522
A, (K) 0 0 0.957 0.791 1.250 1.170
AT, (K) — 4.539 — ‘ 1.185 — 0.816
A_T(O) (K) — 4.539 — 1.351 — 0.896
T (K) 273.986 277.393 278.292 280.123 276.102 277.650 ..
AT (K) —_ 3.407 — 1.831 — 1.548
© Zr (km) 17.14 17.57 18.50 19.20 15.20 15.71
Foy (W m™) 345 345 345 345 345 345
{Qcy (W m™?) 330.363 360.073 298.146 306.486 313.358 321.931
P (cm year™) — - 360.482 373.813 374.727 387.009
q(0) (g kg™) 61.09 77.20 28.80 31.10 28.00 29.47
Bowen ratio — — 0.0415 0.0331 0.052 0.047

the local moist-adiabatic lapse rate succeeds in mim-
icking the main features of the cumulus model which
lead to reduced sensitivities.

In order to demonstrate that the reduced sensitiv-
ities in the cumulus and the moist-adiabat adjust-
ment model results cannot be accounted for in terms
of the different surface flux conditions, we performed
a calculation using the 6.5 K km™' adjustment model
with the T, = T(0) condition replaced by the pa-
rameterized flux condition at the lower boundary.
The results are shown in the second column of Table
1. In this case («, = 0.1 m s™'), the model develops
a temperature discontinuity A, = 2.52 K for stan-
dard CO,, the sensitivity AT(0) increases by 13%

30— —r——

25 ]

- .
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F1G. 1. Radiative convective equilibrium temperatures
for Fo = 274 W m™2

’

from that for the A, = 0 model, while AT, remains
virtually unaffected. Hence, the sensitivity differ-
ences shown by the cumulus and the moist-adiabat
adjustment models are, in fact, consequences of the
convection models rather than the different surface
flux conditions. K

Based on Table 1 we conclide that at midlatitudes
the response of a cumulus model with A, € 2.4 K
is at least 26% less sensitive than the 6.5 K km™
adjustment model when the current CO, content is
doubled, and that the moist-adiabat adjustment
model to some extent behaves like the cumulus
model. . ,
. Figs. 1-6 display the vertical structures of the var-
ious quantities. The 6.5 K km™' adjustment results
shown in these figures are for the A, = 0 case, the
counterpart of that of Manabe and Wetherald
(1967) or Manabe (1971). Fig. 1 compares the ra-
diative-convective equilibrium profiles of the 6.5 K
km™' adjustment model and the cumulus model.
(The moist-adiabat adjustment profile, which lies
close to the cumulus profile between the 6.5 K km™!
and cumulus curves, is omitted.) The temperature
profiles of the constant lapse-rate adjustment model
show a uniform lapse rate of 6.5 K km™! over most
of the convective region below Z; = 14 km. The

" “cloud tops” in the cumulus model are located at the

comparatively lower heights around 9.5 km (see Ta-
ble 1), closer to the observed midlatitude value of 11
km (Minzner, 1977).

In Fig. 2 we see that the tropospheric lapse rates
produced by the cumulus model are more realistic
than a constant lapse rate of 6.5 K km™!, the general
shape follows the moist adiabat in the lower tropo-
sphere and approaches the dry adiabatic value near
the “cloud top”. Over the bulk of the troposphere,
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FIG. 2. Lapse rates for Fo = 274 W m™2,

these moist adiabatic lapse-rate profiles are in gen-
‘eral agreement with the observational data of Oort
and Rasmusson (1971), as plotted in Fig. 3 of Ra-
manathan and Coakley (1978). The AT(z) resulting
from doubled CO, amount is shown in Fig. 3. The
constant lapse rate of the 6.5 K km™ adjustment
model results in a uniform perturbation of temper-
ature through the convective region as can be seen
in Fig. 1. In contrast to this uniform response, max-
imum temperature changes in both the cumulus
model and the moist-adiabat adjustment model are
aloft near the “cloud tops”. This suggests that these
variable lapse-rate models, when perturbed, can ra-
diate to space more efficiently than the fixed lapse-
rate adjustment model, and at the same time produce
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less greenhouse feedback. These effects can be ex-
pected to be more pronounced at larger solar-flux
values where the cloud-top level will be higher. The
convective heating rates in Fig. 4 show that the var-
ious convection schemes lead to more or less similar
heating profiles, the main difference being that the
6.5 K km™' adjustment model tends to produce large
heating rates near the surface relative to those in the
interior, while both the cumulus and the moist-adi-
abat adjustment model are more effective in depos-
iting heat higher in the troposphere. Fig. 5 shows
radiative heating rates due to the various absorbers
balancing the convective heating rates for the 6.5 K
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F1G. 6. Heating rates of the cumulus model in the standard
CO, case for Fp = 274 W m™2,

km™! adjustment model. Fig. 6 shows the same bal-
ance for the cumulus model. Results of this simple
non-grey radiation model compare well with the
heating profiles given by the more detailed emissivity
model of Manabe and Strickler (1964). Not sur-
prisingly, the main difference is the slight CO, warm-
ing in the lower troposphere in the present model
since the current CO, formulation takes into account
the effect of the overlap of water vapor in the 15
region.

Radiative-convective equilibrium results for the
case Fo = 353 W m™2 are summarized in Table 2.
Compared with the “midlatitude” results given in
Table 1, both the surface temperature and the cloud-
top level are higher, and moist convection plays a
more prominant role in determining the tropospheric
temperature. We would then expect that the “neg-
ative-feedback” mechanisms in the cumulus and
moist-adiabat adjustment models to operate more
effectively, thereby producing a more pronounced
reduction in sensitivities. Indeed, we see that for a
‘doubling of CO, the AT, for the cumulus model is
82% less than for the 6.5 K km™! adjustment model,
and the moist-adiabat adjustment model shows a
similar reduction of 74%. To some extent these dif-
ferences are attributable to the fact that the 6.5 K
km™' adjustment model maintains a higher surface
temperature than the 309 K given by the other two
models. However, as our latitudinal calculations will
show in Section 2b, the sensitivity of the 6.5 K km™
model at T, = 309 K is still roughly twice that of
the cumulus model at the same surface temperature
(see Figs. 11 and 13). Fig. 7a shows that changes in
convective heating rates in the 6.5 K km™" adjust-
ment model are more or less uniform throughout the
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troposphere; in particular, the perturbation heating
is significant at low levels, while in the cumulus
model these changes are confined mainly to the
cloud-top region. Fig. 7b shows that the adjustment
to local moist-adiabatic lapse rates achieves a qual-
itatively similar perturbation heating response as the
cumulus model. The corresponding temperature

_ changes are plotted in Fig. 8. The 6.5 K km™' ad-

justment model shows a constant AT over the bulk
of the convective region, while in the other two mod-
els responses are concentrated in the cloud-top re-
gions. This clearly shows that an important differ-
ence between a variable-lapse-rate model and a
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case and (b) for the moist-adiabat adjustment model and the cu-
mulus model for the Fo = 353 W m™2 case.
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fixed-lapse-rate model is that the former permits lo-
cal adjustments to radiative perturbations at levels
where it can radiate efficiently to space. Although
the physical mechanism that makes this possible in
the tropics is cumulus convection, adjusting the tem-
perature profile to the local moist-adiabatic lapse
rate can to some extent reproduce the cumulus model
results. In the case of the 6.5 K km™' adjustment
model, the tropospheric lapse rate is effectively fixed,
and radiative perturbations are distributed through-
out the entire convective region since the rigid ther-
mal profile must shift as a whole. This leads to tem-
perature changes in the lower troposphere, which, in
turn, produce significant greenhouse feedback. It is,
therefore, not surprising that the 6.5 K km™' ad-
justment model should show greater sensitivity than
the cumulus model. The lapse rates are shown in Fig.
9a and 9b. The temperature profiles are shown in
Figs. 10a and 10b. In Tables 1 and 2 we see that as
Fo increases from 274 to 353 W m™2, the surface
temperature rises by 6.6% in the cumulus model and
7.1% in the moist-adiabatic adjustment model, both
values are significantly less than the 11.8% for the
6.5 K km™' adjustment model; clearly, the latter is
also more sensitive to perturbations in solar flux.
From these results we conclude that both the cu-
mulus model and the moist-adiabat adjustment
model are significantly less sensitive to perturbations
in either the CO, content or the solar flux than the
conventional 6.5 K km™ adjustment model in the
tropics. However, at high latitudes where convective
heatings are comparatively small, these models are
not noticeably different (see Figs. 11' and 14). Since
for the cases treated here the surface temperatures
given by the moist-adiabat adjustment model are not
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FIG. 8. Temperature changes resulting from doubling the
current CO, content for the Fp = 353 W m~2 case.
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appreciably different from those of the cumulus
model, in the following sections we will restrict con-
sideration to only the cumulus model and the 6.5 K
km™' adjustment model.

b. Radiative-convective equilibrium solutions as a
Sfunction of the solar flux

A series of radiative-convective equilibrium cal-
culations were performed with the solar flux as an
external parameter for both the standard and dou-
bled amounts of CO,. Fig. 11 shows the surface tem-
perature as a function of Fg for the standard CO,
content. The curves are sixth-order polynomials fit-
ted to the calculated temperatures. The figure clearly



1198 JOURNAL OF

30 T ——ry

L ]

- " .

25— ! -

20— CUMULUS MODEL .

o {(uy= .1m/s) 4

~ 15 -

e , :

= f ]

10— =

E 6.5 K/km ;

I ADJUSTMENT MODEL .

S5C (8,-0) =

- (1xCO,) _

- N N

q~.lllul TR R N
B0 200 220 240 260 280 300 320 340

. TK)

30 i A A M

25k 1

20 NN MOIST - ADIABAT .

- ADJUSTMENT MODE- -

- L ' (u'*=.lm/s) ]

E . ]

= 15+ ]

~N - -

C ]

0 -

[ CUMULJS ]

[ MODEL -]

5 (U= 1m/s) ]

0 bl Lussanaad

180 200 220 240 260 280 300 320 340
TUK)

F1G. 10. Radiative-convective equilibrium temperatures of (a)
the 6.5 K/km adjustment model and the cumulus model for Fo
= 353 W m7? and (b) the moist-adiabat adjustment model and
the cumulus model for Fo = 353 W m™2.

demonstrates the diminishing response of the cu-
mulus model at large values of Fo, where the two
models exhibit qualitatively different behaviors. As
F increases, the greenhouse feedback becomes more
effective; ultimately, the adjustment model is unsta-
ble beyond Fp ~ 368 W m™% The cumulus model,
on the other hand, responds by raising the temper-
ature near the cloud-top level, thereby producing
smaller greenhouse feedback. This results in the
asymptotic behavior of the surface temperature
shown in the figure, which suggests the real atmo-
sphere may be much more stable to the greenhouse
feedback than the fixed 6.5 K km™ adjustment
model might lead one to suspect. According to Fig.
11, once the surface temperature reaches a certain

/
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value (~315 K in the present case), the atmosphere
becomes rather insensitive to further increase in the
solar flux. This suggests that the earth’s atmosphere,
where water is the radiatively important constituent,
will be unresponsive to the runaway greenhouse ef-
fect [see Ingersoll (1969) and Rasool and DeBergh
(1970) for a discussion of this effect]). This figure
also compares the model results with the observed

- outgoing infrared emission as a function of the sur-

face temperature. The data are from Raschke et al.
(1973) and Oort and Rasmusson (1971), as given in
Held and Suarez (1974). The general agreement is
apparent. The slight shift suggests that these models
seem to require ~25 W m~2 more in solar flux in
order to maintain the same temperature. This is
probably a measure of the error due to the neglect
of clouds in the IR budget. The only significant dis-
crepancies are the two data points for 15° latitude,
where the surface temperature is evidently insensitive
to variations in solar fluxes, bearing some qualitative
similarity to the cumulus model results. Radiative-
convective equilibrium temperature profiles are plot-
ted for several values of F,, in Fig. 12. Note that as
the solar flux increases, the troposphcric temperature
of the 6.5 K km™! adjustment model increases uni-
formly ‘at all levels, while the temperature of the
cumulus model rises more rapidly in the upper tro-
posphere than at the surface. Here we see that for
T, = 300 K, roughly the equatorial surface tem-
perature in our climate model results presented in
Section 4, the radiative-convective equilibrium pro-
file given by the cumulus model agrees well with the
annual-mean values taken from Oort and Rasmusson
(1971).

Fig. 13 shows AT, as a function of the incoming
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Fi1G. 11. Comparison of model results with data. The data points
are taken from Fig. 8 of Held and Suarez (1974) [based on data
from Raschke et al. (1973) and Oort and Rasmusson (1971)]. The
circles are the four seasonal means for 15°N. The crosses are
seasonal means for 30, 45 and 75°N.
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solar flux at the top of the model atmosphere. The
reduced sensitivities of the cumulus model and the
“runaway” response of the adjustment model at
larger values of F, can be readily discerned. As ex-
pected, the influence of convection is small at high
latitudes and results given by the two models are in
close agreement. If we adopt the solar absorption
distribution given by Hartmann and Short (1979)
and ignore the ice albedo feedback,

(1 — @) = 0.697 — 0.175Py(sing), 9)

where P, is the second Legendre polynomial; sub-
stituting this into (8) gives Fp = 335.88 W m™2 at
the equator and 93.3 W m™ at the pole. Fig. 11
shows that these values fall just short of the region
in which the two convection models are significantly
different. From the range of solar flux values given
in Fig. 13, we see that sensitivities of the two models
are comparable until Fo = 240 W m~2, which cor-
responds to latitudes <36°.
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Despite obvious shortcomings, the most trivial way
to estimate global sensitivity to doubling CO, is sim-
ply to average one-dimensional radiative-convective
equilibrium results over all latitudes—ignoring trans-
port and ice-albedo feedback. For reference purposes
we will make such an estimate, and later compare
it to climate model results. With the solar flux profile
given by (8) and (9), we compute the global-mean
T, by integrating the approximate polynomial
regression formula for the surface temperature as a
function of the solar flux (see Fig. 11); the result is

Tu[°Cl = 2 CFb [W m™2], (10)
0

where the coefficients C; (i = 0, 6) are given in Table
3. The resulting global-mean surface temperatures
are 276.453 K for the standard CO; and an increase
of 1.923 K for doubling the CO; content for the 6.5
K km™' adjustment model. The corfesponding figures
for the cumulus model are 275.862 and 1.266 K.
Thus, the cumulus model is ~34% less sensitive than
the adjustment model.

TABLE 3. Polynomial regression coefficients for T, (Fo).

6.5 K km™' adjustment model

Cumulus model

Standard CO, Double CO, Standard CO, Double CO,
Co —1.8234 X 10? —1.8039 X 10? —1.8153 X 10? —1.8120 X 10?
G 2.3430 2.2801 2.3520 2.3801
C —1.8473 X 1072 —1.7240 X 1072 —1.8597 X 1072 —1.9069 X 1072
C; 9.4912 X 1073 8.3668 X 1073 9.5361 X 107° 9.9308 X 1073
Cs ~2.6406 X 1077 —2.0932 X 1077 —2.6546 X 1077 —2.8115 X 1077
Cs 3.5202 x 1071 2.1695 X 10710 3.6942 X 107'° 3.9826 X 107"
Cs —1.5435 X 1071 —2.2028 X 1074 —2.0320 X 107" —2.2315 X 107"
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TABLE 4. Polynomial regression coefficients for Fo (7).
6.5 K km™' adjustment model Cumulus model

Standard CO, Double CO, S.tandard CO, Double CO,
° 2.3553 X 102 2.3120 X 10? 2.2910 X 10? 2.2529 X 10?
1 2.6594 2.6153 2.6153 2.6068
5 i 2.3880 X 107* 1.9240 X 107 3.7844 X 1073 . 3.7332 X 1073
A —1.2366 x 107 —1.2593 x 107* —9.0546 X 10~° —1.4378 X 107*
4 —6.2447 X 107® —8.0003 X 1078 6.1388 X 107¢ 5.5908 X 10°¢
A 3.6250 X 107° 3.7039 X 10~° 2.2682 X 1077 2.4476 X 1077
6 0 ' 0 2.5458 X 107° 2.8779 X 107°
5 0 0 9.3330 X 1072 1.0809 X 107"

4. Climate sensitivity in a global model

As already noted, estimating the globally-averaged
climate impact of doubling CO, by averaging local
radiative-convective equilibria over all 1atitudes suf-
fers from two important defects:

1) Transport mechanisms leave global-mean sur-
face temperatures unchanged only if F, the outgoing
infrared flux, is linear in surface temperatire. Fig.
11 shows that this flux [which in radiative-convective
equxhbrlum equals (1 — «) times the incident solar
radlatlon] is not linear—although the deviation from
linearity is not very great over the range of temper-
atures actuaily found in the atmosphere. However,
the range of radiative-convective equilibrium tem-
peratures is much larger.

ii) Radiative-convective equilibria do not readily
allow the mcorporatlon of ice-albedo feedback. Since
the ice line is determined by surface temperature
(generally ice is taken to occur when T, < —10°C),
one cannot totally use unrealistic equilibrium tem-
peratures. This is a substantially more serious draw-
back.

Both these deficiencies are eliminated by means of
the Hadley-baroclinic climate model of Lindzen and
Farrell (1980). In this model radiative-convective
equilibrium temperatures are modified by physically-
determined Hadley and baroclinic horizontal heat
transports to give realistic latitudinal distributions
- of temperature. Once one has realistic temperature
distributions one can then include ice feedbacks.
The Lindzen-Farrell model incorporates two ef-
fects associated with the presence of ice and /or snow:
i) increased albedo and ii) increased static stability
near the surface. In Lindzen and Farrell the latter
effect was incorporated by assuming that between
z = 0 and z = 0.25 H the lapse rate varied from 6.5
K km™! at the poleward edge of the Hadley cell to
0 K km™ at the ice/snow boundary (where H is the
dens1ty scale height); beyond this boundary the lapse
rate is kept at 0 K km™'. Above z = 0.25 H, the lapse
- rate is always taken to be 6.5 K km™!. In the cal-
culations we will present, the above lapse-rate ad-

justmeiit is made over a layer between z = 0 and z
= 0.4 H. With the present IR flux calculations, this
choice more accurately modeled the existing cli-
mate.' _

The reader is referred to Lindzen and Farrell
(1980) for a detailed description of this climate
model. Our procedure: is as follows: We take
F(T,), as obtained in Section 3, to give the depen-
dence of outgoing infrared flux on surface temper-
ature. Fo(T,) is separately evaluated for four cases.

1) Present CO, and 6.5 K km™ adjustment.
2) Present CO, and cumulus parameterization.
3) Double CO, and 6.5 K km™! adjustment.
4) Double CO, and cumulus parameterization.

-Coefficients for the polyhomial fits to the calculated

Fo as a function of surface temperature, accord-
ing to

7
Fo[Wm™] = 2 CiT% [°C],
o

are presented in Table 4. For solar flux and albedo
we take the distributions given in Lindzen and Far-
rell as derived from Hartmann and Short (1979)
models.?

In each case the Lindzen-Farrell Hadley-baro-
clinic adjustment yields a distribution of 4T ,(6)/
36, where @ is the latitude. This distribution is inte-

' It was also necessary to reduce the outgoing longwave flux by
~11% to reproduce the present global mean temperature. This
was necessary in order to compensate for the fact that our cal-
culations of F slightly overestimate observed values (viz., Fig. 11).
We suspect that this discrepancy arises from the neglect of clouds
in our IR calculations.

2 The use of the Budyko-Sellers model instead does not signif-
icantly alier the present results. This may seem surprising in view
of the contention in Lindzen and Farrell (1980) that the Budyko-
Sellers parameters yield greater sensitivities. Such differences are
obscured in the present case because doubling CO, moves the ice
line to the poles for either choice. This arises because we are
seeking a steady equilibrium response to annually-averaged solar
forcing. The effect is not apparent in a time-dependent, seasonally-
varying model integrated for relatively short periods such as 15
years (viz., Manabe and Stouffer, 1980).
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grated to obtain 7,(#) within an integration con-
stant. The integration constant is chosen so that

90°

Fo(T(8)) cost db

equals the integral of incoming solar radiation. The
procedure is iterated until a solution is obtained with
the ice/snow line at the latitude where T = —10°C.
Before proceeding to the results, we should note that
our baroclinic adjustment assumes a static stability
which generally is not the same as that for the pro-
files for which F(T,) is calculated. The differences
are most noticeable for the “cumulus” parameteri-
zation in the tropics; however, in these regions bar-
oclinic adjustments are negligible. Also, the tem-
perature profiles resulting from our cumulus pa-
rameterization are far closer to observed profiles in
the tropics (see Fig. 12). At high latitudes (and lower
surface temperatures), the dependence of Fo(Ty) on
details of the vertical profile is very small. Thus, the
discrepancy between the vertical profiles implicit in
the calculation of Fo(T,) and in those assumed for
baroclinic adjustment does not appear to have serious
consequences.

Table 5 shows the global-mean temperature for
each of our four cases. For comparison we also show
the results from Section 3 obtained by averaging ra-
diative-convective equilibria over all latitudes. We
see that the cumulus parameterization again reduces
model sensitivity to a doubling of CO, by ~30%.
Also the sensitivity in a global model with ice/snow
feedbacks is ~50% greater than in a globally-aver-
aged radiative-convective equilibrium model. This is
smaller than the increased sensitivity obtained by
Manabe and Wetherald (1975), but later results by
Manabe and Stouffer (1980) also show a reduced
increase in sensitivity. Both Manabe and Wetherald
(1975) and Manabe and Stouffer (1980) use general
circulation models. :

Fig. 14a shows the latitudinal distribution of sur-
face temperature with the current concentration of

TABLE 3. Sensitivities of globally-averaged
surface temperatures.

6.5 K km™ adjustment

model Cumulus model

R. S. LINDZEN, A. Y. HOU AND B. F. FARRELL

Standard Double Standard Double

CO, CO, A{T,} CO, CO; ATy}

{Te} (K) 289.38 292,15 277 287.87 289.80 1.93
Climate

model

{T«} (K) 27645 27837 192 275.86  277.13 1.27
Radiative- .
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FIG. 14a. Surface temperature distributions calculated by the
Hadley-baroclinic climate model for the standard CO, content
using the radiative-convective adjustment model results.

CO, for the 6.5 K km™ adjustment and parame-
terized cumulus models. The changes in T resulting
from doubling the CO, are given in Fig. 14b. Apart
from the 30% reduction in sensitivity with cumulus
parameterization there is little difference between
the models. Temperature sensitivities in the tropics
are somewhat smaller than globally-averaged sen-
sitivities. On the other hand, at high latitudes sen-
sitivities are about twice as large as the globally-
averaged sensitivities. This striking latitudinal var-
iation in sensitivity is again consistent with the
general circulation model results of Manabe and
Stouffer (1980), though Manabe and Stouffer get
somewhat larger sensitivities at high latitudes.

The climate model results of the present section
do not alter the conclusion of the previous section
that the use of a physically-based convective pa-
rameterization modestly reduces sensitivity to dou-
bling CO, relative to a model using convective ad-
justment. However, from Fig. 11 it is evident that -
if the present climate were much warmer the choice
of convection model would also matter more.

Finally, this section shows the ease with which the
Lindzen-Farrell model permits the extension of one-
dimensional radiative-convective calculations to glo-
bal calculations wherein ice/snow feedbacks can be
included. However, certain results such as the virtual

"AT,(°C)
r CUMULUS MODEL
luy, =.im/s)

6.5 K/km
ADJUSTMENT MODEL - N

S
s
4_
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1
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FI1G. 14b. Surface temperature increases given by the Hadley-
baroclinic climate model for doubled CO; content using the ra-
diative-convective cumulus model results.



1202

. elimination of ice when CO; is doubled are likely to
be unrealistic consequences of ignoring seasonal var-
iations. The-inclusion of an annual cycle is now being
carried out.

5. Summary and conclusions

We have found that the effect of replacing the
conventional 6.5 K km™' lapse-rate adjustment with
a physmally-based cumulus-type parameterization
in a radiative-convective model is to reduce the model
sensitivity to radiative perturbations 51gn1ﬁcantly for
tropical temperatures. No similar reduction in sen-
sitivity is found at high latitudes. We have shown
that these two convective models are qualitatively
different at high surface temperatures. In regions
where the surface temperature exceeds a value close
to 288 K (comparable to the global mean), the 6.5
K km™' ‘adjustment model responds to increases in
solar flux or CO; concentration by raising the surface
temperature drastically without bound, but the cu-
mulus model quickly reaches an equilibrium tem-
: perature in the neighborhood of 315 K. There are
three Teasons for this reduced sensitivity: 1) Heat
lost from the surface through evaporation and up-
ward sensible heat fluxes is deposited higher in the
troposphere, where it is more eﬁ’ecuvely radiated to
space; 2) the response in the convective heating is
mostly confined to the cloud-top region, leading to
a smaller greenhouse feedback through a reduced
water vapor increase; and 3) with the additional de-
gree -of freedom allowed by a variable lapse rate,
radiative perturbations near the tropopause can be
accommodated locally, without being carried through
a fixed lapse rate to the surface.

The lmphcatxon of this result for global climate
is assessed using the Lindzen-Farrell (1980) climate
model. In terms of the global-mean surface temper-
ature, the cumulus model is ~34% less sensitive com-
pared to the 6.5 K km ™! adjustment model. The Lind-
zen-Farrell model also reproduces the following fea-
tures found by Manabe and Wetherald (1975) and
Manabe and Stouﬂ'er (1980) using a general circu-
lation model: (i) ice/snow feedbacks amplify sensi-
tivities by ~50% (globally-averaged temperature in-
creases about 2°C for a doubling of CO,); and (ii)
climatic response is amplified at high latitudes. It
should also be added that the Lindzen-Farrell model
is only slightly more complicated than one-dimen-
sional radiative-convective models. As such, it is a
particularly useful tool for asséssing climatic im-
pacts. '

Finally, it may be of interest to note that cumulus
“convection effectively inhibits any possibility of a
runaway grecnhouse on earth.
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* APPENDIX
The Radiative Model

We consider a simple non-grey radiative model
with longwave absorptions by water vapor and car-
bon dioxide and shortwave ozone heating, assuming
the contribution from shortwave absorption by water
vapor is small (see Manabe and Strickler, 1964). For
longwave radiative flux computations, we follow
Rodgers’ (1967) emissivity approximations. To cal-
culate the heating rates due to ozone absorption of
sunlight, we. use Lindzen and Will’s (1973) analytic
formulation. Since the details and justifications of
the various approximations for the radiative model
are givcn in the references cited above, we will briefly
summarize the model equations.

We solve for the state of radiative-convective equi-
librium by forward time marching until a “steady
state” is reached. This is usually taken to be when .
the heating rate is less than 107> K day™" at all levels.
The time rate of change of the air temperature is
given by

= Qno t+ QCO; +Qo, + Q., (A1)

G dt
where ¢ is time, Q. the convective heating rate dis-
cussed in Section 2, Qo, the ozone heating rate, and
Ou,0 and Qco, are the long-wave heating rates due
to water vapor and carbon dioxide, respectively, as
given by .
d(F,— F i)

dz

where z is height, and F} and F are the upward and
downward long-wave radlatlve ﬂuxes due to absorber
a, respectively.

Q= -(A2)

a. Longwave absorption by water vapor

In Eq. (6) of Rodgers (1967) the thermal emis-
sivity e for water vapor or carbon dioxide is given by
a simple analytic expression in terms of the column
density u, i.e.,

u<v

N
(u) = 2 au"?, '
! s (A3)
u>v

N
= 2 b,(Inu)",
0

where the coefficients a, and b, are numerical con-
stants given in Rodgers’ Table 2 (p. 52) for fitting
upward or downward infrared fluxes, v is an adjust-
able parameter- taken to be 107 g em™2 for water
vapor absorption, and #y,o (in units of g cm™2) is the
pressure-corrected amount of water vapor for the
atmospheric path (z, z’) measured from the level z
to z’
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wo= [ a0 2 (a9)

where g is the mass mixing ratio of water vapor de-
fined in (3b), p the air density, p the pressure of the
environment, and p, a reference surface pressure
taken to be 1000 mb. When (A3) is employed for
downward flux calculations, z’ = z, but when com-
puting upward fluxes z' < z, so that uy,o(z, z') is
non-negative and uy,o(z, z) = 0.

The downward radiative flux Fi,o can be ex-
pressed as

Un d €H,0

20
Flﬂzo(z) = J; B(quO) Eﬂz—o dunzo ’

(AS5)
where Uy,o is the total amount of uy,o above the
level z, B(u) = ¢T*u), and ¢ is the Stefan-Boltz-
mann constant. The upward flux Fj,o is given by

Un,0

Fho(z) = oT% + f * [Bluo) — B(Usyo)]

deHzO

X
duy,o

dquO ’

~ where uy,o is here measured downward from z, and
for the flux condition at the lower boundary it is
assumed that the ground radiates as a blackbody at
temperature 7, and the upward infrared flux at the
surface is given by 67 4. As mentioned in Section 2,
in the conventional 6.5 K km™ lapse-rate adjustment
model T, is given by T(0), the air temperature at
z = 0, and the radiative flux balance at the surface
determines the integrated convective heating Q,,
which in turn sets a constraint on the total heat flux
that can be carried upward through the adjustment
of lapse rates. In cases of parameterized surface en-
ergy fluxes, a temperature discontinuity is allowed
at the ground by requiring T’ to satisfy the condition

0T = F,0(0) + Fo,(0)

+ Fox — (LE + F,), (A7)
where Foy is the solar flux absorbed at the ground,
and E and F, are given by (2a) and (2b) as functions
of Ty, T(0), and the surface drag parameter Cpu,.

b. Longwave absorption by carbon dioxide

Carbon dioxide radiation is assumed to be con-
tained in a 200 cm™' interval centered ~667 cm™".
The formulation given by Rodgers (1967) allows the
overlap of H,O by means of a statistical model fitted
to the same region. The emissivity of CO, is given
in the same form as (A3) with the a, and b, coef-
ficients for CO, taken from Table 2 of Rodgers and
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v = 0.01 cm-atm. The volume mixing ratio of CO,
is taken to be 3.2 X 107% To obtain the column
density uco, in units of cm atm™ for the emissivity
formula, we compute the column number density
nco, by

Pco,

nco,(Cm-atm cm™!) = =3.32 X 10—2(£) ,

PCo,/STP Dx

which gives

2
uco;(z,l )= f ”coz(;p‘)dc

*

(A8)

As before, the path of integration is measured from
the level z, with z’ = z for downward fluxes and z’
< z for upward fluxes.

The infrared flux contributions due to CO, are

® d
Fto(2) = 200 f Bger(2") ‘_1_,
z Z
X [€C02(zy Z’)Tﬂzo(za z')]dz I’ (A9)

d
F I:oz(z) = 200{ J:] Beer(z' E;,

X [fcoz(Z, 2')TH20(2, Z')]dzl
- 8667(0)6C01(z’ O)THZO(Z, 0)} ’ (AIO)

where B, (z') is the Planck function (in terms of
flux rather than intensity) centered at 667 cm™;
T'u,0(z, z') is the water vapor transmission between
levels z and z' according to Goody’s (1964) statisti-
cal model. The statistical model constants are k/8
=17.345, k/may = 142.47,a = 1.66 X 1072, b = —4.94
X 1075, @ = 1.76 X 107 and & = 5.66 X 107> [as
given in Rodgers and Walshaw (1966)].

¢. Shortwave heating by ozone

We consider ozone absorptions in the Hartley
(2000-3000 A), Huggins (>3000 A) and Chappuis
(5000-7000 A) bands. Radiative heating due to these
bands to a high degree of approximation can be
modelled by an analytical formula given by Lindzen
and Will (1973), viz.,

& = IHKHA)\H Cxp(_KHu();)

”03
+ IcKcANc exp(—Kcuo,)

IHu

+ {exp[ _KHuu03 exp(_mklong)]

03

- exp[_KHuu03 exp(_mxshon)]}a (Al 1)

where Qo, is the heating rate [ergs s™' cm™], no, the
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ozone density [cm NTP cm™'], I the mean intensity
of a particular band, K the absorption coefficient,
\ the wavelength (A), AN an averaged wavelength
interval, m is a numerical constant, subscripts H, C
and Hu denote Hartley, Chappuis and Huggins
bands, respectively; and uo, is the column density of
ozone given by

uo,(cm NTP) = f no,dz’'[cosy, (A12)

where z is height and ¢ the zenith angle. For the
best fit to within 5% of Craig’s calculation of
Qo,/no,, the following parametric values are given
by Lindzen and Will (1973):

For Hartley bands
Iy=9%ergscm™2s! A~
Ky =260 cm NTP™! |
A= 375A.

For Chappuis bands

Ic =180 ergscm™2s™' A™!
Kc=0.118 cm NTP™!
Al = 1650 A.

For Huggins bands
Ky, = 1.99 X 10" cm NTP™!
0.0126
Iy = 53 ergscm™2s7! A
Aot = 2750 A
Ao = 3400 A.

I

m

The ozone data are taken from Herring and Bor-
den (1965, 1967) and Prather (1981). For typical
midlatitude values, we have used the seasonal data
for 30°N. The heating rates are calculated for sea-
sonally-averaged zenith angles and ozone amounts,
from which we obtain the annual-mean heating rates
as a function of height.
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