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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.
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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-

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 39

_ 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——
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Ol oo bl s s oSN
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T(K)

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,






