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ABSTRACT

We examine the response of the GISS global climate model to different parameterizations of moist convective
mass flux..A control run with arbitrarily specified updraft mass flux is compared to experiments that predict
cumulus mass flux on the basis of low-level convergence, convergence plus surface evaporation, or convergence
and evaporation modified by varying boundary layer height. An experiment that includes a simple parameter-
ization of saturated convective-scale downdrafts is also described. Convergence effects on cumulus mass flux
significantly improve the model’s January climatology by increasing the frequency of occurrence of deep con-
vection in the tropics and decreasing it at high latitudes, shifting the ITCZ from 12°N to 4°S, strengthening
convective heating in the western Pacific, and increasing tropical long-wave eddy kinetic energy. Surface evap-
oration effects generally oppose the effects of convergence but are necessary to produce realistic continental
convective heating and well-defined marine shaliow cumulus regions. Varying boundary layer height (as prescribed
by variaticns in lifting condensation level) has little effect on the model climatology. Downdrafts, however,
reinforce many of the positive effects of convergence while also improving the model’s vertical humidity profile
and radiation balance. The diurnal cycle of precipitation over the West Pacific is best simulated when convergence
determines cumulus mass flux, while surface flux effects are needed to reproduce diurnal variations in the
continental ITCZ. In each experiment the model correctly simulates the observed correlation between deep
convection strength and tropical sea surface temperature; the parameterization of cumulus mass flux has little
effect on this relationship. The experiments have several implications for cloud effects on climate sensitivity.
The dependence of cumulus mass flux on vertical motions, and the insensitivity of mean vertical motions to
changes in forcing, suggests that the convective response to climate forcing may be weaker than that estimated
in previous global climate model simulations that link convection only to moist static instability. This implies
that changes in cloud cover and hence positive cloud feedback have been overestimated in these climate change
experiments. Downdrafts may affect the feedback in the same sense by replenishing boundary layer moisture
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relative to cumulus parameterization schemes with only dry compensating subsidence.

1. Introduction

Cloud feedbacks are potentially among the most
important contributors to climate sensitivity. Unfor-
tunately, cloud processes are so poorly understood and
crudely represented in climate models that even the
sign of the total cloud feedback is in doubt. The most
recent assessment by the National Academy of Sciences
(Smagorinsky 1982) suggests that clouds are the prin-
cipal cause of the large range of uncertainty in model
estimates of climate sensitivity.

The parameterization of moist convection is a crucial
element of any attempt to evaluate cloud feedbacks.
Lindzen et al. (1982), for example, compared the re-
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sponses to doubled CO, of a one-dimensional radiative-
convective model with different representations of
moist convection effects. They concluded that a simple
penetrative convection scheme in which the updraft
mass flux is proportional to surface heat and moisture
fluxes gives a lower climate sensitivity than the tradi-
tional lapse-rate adjustment procedure because the cu-
mulus scheme deposits heat at higher levels, from which
it can be more effectively radiated to space. Their study
used a clear sky radiative model, however, and thus
did not incorporate any cloud/radiation feedbacks.
Wang et al. (1981) considered cloud/convection feed-
backs in a one-dimensional model with variable cloud
height, optical thickness, and critical lapse rate. Their
study illustrated the variety of feedbacks possible with
interactive clouds and showed that the climate response
could be different for different types of perturbations.
Hansen et al. (1984 ) performed a doubled CO, exper-
iment with interactive clouds in the GISS three-di-
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mensional global climate model (GCM). They con-
cluded that increased cloud height and decreased cloud
cover due to stronger convection resulted in a signifi-
cant positive cloud feedback. :

Cumulus convection is also an important forcing
mechanism for the general circulation through its re-
lease of latent heat and vertical transport of heat.and
momentum. As such, it is central to any proper sim-
ulation of the current climate and its low-frequency
variability, especially in the tropics. Details of specifying
the cumulus mass flux and heating profile have been
shown to influence the Hadley circulation and ITCZ
position (Yao and Stone 1987), the Walker circulation
(Hartmann et al. 1984), and the 40-50 day oscillation
(Chao 1987; Emanuel 1987; Lau and Peng 1987; Nee-
lin et al. 1987). Convection effects on large-scale mid-
latitude motions are secondary in comparison, but
there is evidence, for example, that latent heat release
alters the eddy forcing of the mean zonal wind and
temperature (Stone and Salustri 1984).

Despite-its obvious importance, cumulus parame-
terization in large-scale numerical models is still some-
thing of a primitive art. Processes such as momentum
transport, entrainment, evaporation of condensate, and
convective cloud formation are parameterized in ad
hoc fashion in most models and completely neglected
in some. Mesoscale organization, the importance of
which has been documented in several field studies
(Zipser 1977; Johnson 1984), has yet to be addressed
in any GCM parameterization.

To this date, most of the research on cumulus pa-
rameterization has focused on the “closure assump-
tion” of a scheme, i.c., its prediction of the instanta-
neous convective mass flux. Since convection can be
viewed as an adjustment toward equilibrium of an at-
mospheric column destabilized by large-scale dynamic

" and radiative forcing, we can categorize all cumulus
closures as belonging to one of two broad classes. One
class attempts to relate cumulus mass flux directly to
the nature of the forcing determined by other parts of
the model. The forcing is usually specified in terms of
the model’s large-scale convergence and the turbulent
surface fluxes of moisture and heat. This approach is
inherent in all CISK and evaporation-wind feedback
models (cf. Lau and Shen 1988) as well as the more
explicit cumulus parameterizations of Kuo (1965,
1974), Betts (1973), and Lindzen (1981).

Alternatively, one may calculate the mass flux
needed to adjust the atmosphere to some specified state
in one model time step. The adjustment may be toward
an empirically determined constant lapse rate, a moist
adiabat, or a state of constant convective instability.
This philosophy is the basis for the moist convective
adjustment method (Manabe et al. 1965) and the cu-
mulus parameterizations of Arakawa and Schubert
(1974) and Betts (1986).

It is difficult to assess the impact of existing schemes
on the general circulation, hydrologic cycle, or climate
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sensitivity of a GCM because of differences in other
aspects of the GCMs in which they are used. A few
limited comparisons of convection schemes within the
same GCM have been published (cf. Baker et al. 1977;
Miyakoda and Sirutis 1977; Donner et al. 1982; Geleyn
et al. 1982; Hansen et al. 1983; Tiedtke 1984; Albrecht
et al. 1986). However, a systematic evaluation of the
physical processes underlying various closure assump-
tions is needed. In this paper we examine one aspect
of schemes that parameterize the forcing explicitly by
testing the effect of individual forcing terms for cu-
mulus mass flux in the GISS GCM (Hansen et al.
1983). A separate set of experiments using an adjust-
ment-type closure will be documented elsewhere. Some
of our conclusions may, of course, be sensitive to the
details of the particular convection scheme used in the
GISS GCM. In fact, our experiments are strictly rele-

vant only to parameterizations with an explicit cloud

model. However, we feel that the differences among
several of the experiments are sufficiently dramatic and
straightforward to apply at least indirectly to the be-
havior-of any GCM.

A related issue in penetrative-type cumulus param-
eterizations is the nature of the motions compensating
the convective updraft. In existing schemes compen-
sation takes place via large-scale gentle subsidence of
the environment surrounding the clouds. This has the
effect of warming and drying the lower atmosphere. In
the past decade, though, it has become clear that con-
vective-scale saturated downdrafts driven by precipi-
tation loading and evaporation are important to the
heat and moisture budgets of tropical cloud clusters
(Johnson 1976; Zipser 1977; Knupp and Cotton 1985).
Downdrafts can affect the vertical structure of a GCM
because they cool the planetary boundary layer (PBL)
and have higher humidity than the cloud-free environ-
ment, thus counteracting the effects of dry subsidence.
This is potentially of interest for the cloud—climate
feedback issue because it represents a qualitative change
in the way convective events transport heat and mois-
ture. We therefore also describe an experiment in which
subsidence is partly replaced by a simple representation
of saturated downdrafts.

In section 2 we briefly describe the basic model used
and outline the series of experiments. The effects of
the different mass flux parameterizations on the GCM’s
convection patterns, thermodynamic and hydrologic
state, general circulation, energy balance, and diurnal
cycle are compared in section 3. We discuss the im-
plications of our results for climate sensitivity, con-
vection-SST relationships, and possible improvements
in parameterization in section 4. Qur concluding re-
marks are in section 3.

2. Model and experiment descriptions

~ The experiments were conducted with the most re- (
cent version of the GISS GCM (hereafter referred to
as Model II), run at 8° X 10° horizontal resolution
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with nine vertical levels. A full description of the model
and its climatology can be found in Hansen et al.
(1983). Here we only briefly mention the important
aspects of the GCM’s moist convection parameteriza-
tion. Model II uses a penetrative convection scheme
with multiple cloud base levels and one cloud top level
per instantaneous cloud base level. Convection is trig-
gered if the moist static energy of a layer exceeds the
saturation moist static energy of the layer above and
the implied lifting produces saturation; this defines the
cloud base. Fifty percent of the mass of the cloud base
grid box rises in each event. The cloud top occurs at
the top of the highest layer for which the cloud parcel
is buoyant. Latent heat release serves only to maintain
cloud buoyancy; heating/cooling of the environment
takes place via compensating environmental subsi-
dence, detrainment of cloud air at cloud top, and evap-
oration of falling condensate. Condensed water is not
transported upward, but is allowed to reevaporate into
25% of each lower layer above cloud base and 50%
below; the remainder determines the convective pre-
cipitation. The convective plume and subsiding envi-
ronment transport grid-scale horizontal momentum.
All types of convection are predicted by the same cri-
teria; differentiation between deep and shallow depends
only on the cloud buoyancy constraint.

In addition to the specification of cumulus mass flux,
our experiments differ from the Model II formulation
in several minor respects. 1) Convective cloud cover is
set equal to the fraction of cloud base grid box mass
that convects, as opposed to the Model 1I prescription
of cloud cover proportional to the mean pressure
thickness of all model layers up to cloud top. 2) A
similar fraction of each grid box below cloud base, and
half as much above, is available for condensate re-
evaporation instead of the constant 50%/25% used in
Model I1. 3) Plume condensate is computed using three
iterations on the Clausius—-Clapeyron equation rather
than one. 4) Large-scale supersaturation clouds are
computed every hour as opposed to every fifth hour
in Model 1I.

For this study the GCM was run in a perpetual Jan-
vary mode with fixed climatological sea surface tem-
perature (SST). Each experiment was run for four
months; the diagnostics presented here represent av-
erages over the last three months. Standard deviations
for a five-year control run of the model are tabulated
by Rind (1986); we restrict discussion to changes larger
than several standard deviations whenever such infor-
mation is available. We compare five experiments that
differ only in the parameterization of convective mass
flux:

1) Control run. This is essentially Model II except
for the small changes noted above. Convective mass
flux is specified arbitrarily to be one-half the mass of
the cloud base grid box per physics time step whenever
the instability criterion is satisfied.
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2) Mass flux based on convergence (Experiment
W). It is now well established that organized deep con-
vection is favored by low-level convergence on larger
scales (cf. Ogura et al. 1979; Thompson et al. 1979;
Cooper et al. 1982; Graham and Barnett 1987). In this
experiment we predict the cumulus mass flux M, as

(1

where pp and wy are the cloud base density and large-
scale vertical velocity, respectively. When wp < 0, con-
vection does not occur even if the moist static instability
criterion is satisfied. This parameterization encourages
explicit CISK-type dynamical feedbacks, which can
only occur indirectly, if at all, in Model II. Surface
fluxes influence convection in this run only to the ex-
tent that they help produce unstable vertical profiles
of moist static energy.

3) Mass flux based on convergence plus surface flux
(Experiment S). Isolated deep convective events over
land in summer are often tied to small-scale turbulence -
associated with surface heating (Byers and Braham
1949) rather than organized lifting. Likewise, shallow
convection over oceans is at times driven by surface
fluxes and often occurs in the presence of large-scale
subsidence (cf. Holland and Rasmusson 1973; Agee
and Dowell 1974; LeMone and Pennell 1976). Any
parameterization used in a global model must be ca-
pable of producing these convective types. The surface
flux contribution to the cumulus mass flux can be re-
lated to the rate at which turbulence deepens the PBL
by entrainment (called the entrainment velocity, w,).
If cumulus subsidence is assumed to be just sufficient
to balance the deepening due to large-scale lifting and
PBL entrainment and keep PBL height (zz) constant,
we can write

M. = ppwg,

M, = pg(wp + w,.). 2) .

In mixed-layer models, w, is calculated as the flux
of heat or moisture through zz divided by the discon-
tinuity in that quantity at z. If sensible heat or virtual
dry static energy is used, the unknown flux at zz must
be related to the surface flux via a poorly constrained
scaling constant which represents the strength of fric-
tional dissipation in the PBL. However, for an unsat-
urated mixed layer the flux of moisture is constant with

-height through the PBL when averaged over cloudy

and cloud-free regions (Esbensen 1975; LeMone and
Pennell 1976). Thus, since w, can be expressed equiv-
alently in terms of moisture or heat fluxes (Arakawa
and Schubert 1974), we parameterize cumulus mass
flux in this experiment as

F,
M, = pgwp + -~

v 3)

where F, is the surface evaporation and Ag = g, ~ ¢-
is the jump in g across zz. The GISS GCM does not
calculate zp explicitly, so we estimate it as the level top
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below which potential temperature is constant to within
0.5 K. The value of g is then g at the highest such
level and ¢, the interpolated value halfway between
that level and the next highest, This assumption gives
typical values of Ag ~ 2-5 g kg~! over the tropical
oceans, consistent with GATE observations (Nicholls
and LeMone 1980). Equation (3) only applies when
convection originates from a level below zp; when this
is not true, Eq. (1) is used instead. Again, in all of the
experiments, convection does not occur if either the
instability criterion is not satisfied or the computed M,
<0.

4) Inclusion of varying PBL height (Experiment Z).
In general, PBL height can be expected to vary with
time, for example, over land in afternoon when PBL
deepening by entrainment can exceed suppression due
to cumulus-induced subsidence. Equation (3) probably
overstates the surface flux contribution to M, in such
cases. Arakawa and Schubert (1974 ) calculate M, using
the quasi-equilibrium assumption and use this to es-
timate the time rate of change of z; following the flow.
For our purposes an independent prediction of zj is
needed instead. Dry convection height may be useful
as a climatological indicator of PBL height variations
(cf. Hansen et al. 1983, Fig. 18), but GCM vertical
resolution is too coarse to use it for instantaneous time
derivatives. Albrecht (1983) suggests defining cloud
base cumulus mass flux such that the top of the mixed
layer is at the lifting condensation level z; ;. The lifting
condensation level (LCL) does in fact track changes
in PBL height remarkably well in GATE composite
easterly wave data (Johnson 1980, Fig. 16). Following
Albrecht, we thus parameterize cumulus mass flux in
this experiment as

F, 9z,
M, = ppwg + =L — pp—== 6

Ag o’

with the LCL calculated with respect to air at the lowest
GCM level. Actually, Eq. (4) should also include hor-
izontal advection of zyc1 ; in situations dominated by
large moisture convergence, individual changes in LCL
following the flow should be much smaller than the
local changes we consider. Thus, Eq. (4) may overes-
timate the effect of PBL height variations on cumulus
mass flux.

5) Inclusion of convective downdrafts (Experiment
D). In this experiment we parameterize downdrafts
for convective events that extend beyond one GCM
level by testing as the plume rises for the first level (if
any) at which an evaporatively cooled equal mixture
of cloud and environmental air is negatively buoyant.
If such a level is found, a downdraft forms there with
the properties of the mixture. This is an oversimplifi-
cation of the entrainment processes that produce
downdrafts, but Betts (1982) has shown that for typical
cumulus environments, roughly equal mixtures of
cloud and environmental air are most likely to be neg-
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atively buoyant. Furthermore, Johnson (1976) has
shown that downdraft effects in a diagnostic model are
insensitive to the exact specification of their thermo-
dynamic properties at the level of origin. Once formed,
the downdraft penetrates to cloud base (almost always
the lowest GCM level ), evaporating liquid water from
levels below its level of origin as necessary to remain
as close to saturation as possible. The updraft mass
flux in this experiment is given by Eq. (4), and the
downdraft mass flux is specified as a fixed percentage
of the updraft mass flux, as suggested by the results of
mesoscale numerical models (Simpson et al. 1982).
We tested 25% and 50%, which span available estimates
from field studies (Johnson 1976; Nitta 1978); the re-
sults presented here are for the latter case, which ex-
hibits more dramatic effects. Dry environmental sub-
sidence provides the remainder of the compensating
mass flux. Above the downdraft formation level, M., is
reduced by the mass of cloud air incorporated into the
downdraft.

The climatology of the control run is very similar
to that of GISS Model II (see Figs. 20-44 in Hansen
et al. 1983). Additional diagnostics relevant to the

present discussion are shown in Figs. 1 and 2. Despite

the simplicity of Model II’'s cumulus mass flux pre-
scription, it produces a reasonable simulation of most
aspects of the current climate compared to other
GCMs. One deficiency of Model II is its tendency to
produce peak precipitation at 12°N in January rather
than slightly south of the equator as observed (Jaeger
1976). This result is correlated with the peak in moist
convective mass flux, which also occurs at 12°N (Fig.
la). Spurious midtroposphere local peaks in convec-
tion occur at high latitudes. The relative humidity pro-
file (Fig. 1b) is qualitatively realistic, with a local max-
imum due to deep convection at the equator and min-
ima at 20°N and 30°S in the subsiding branches of the
Hadley cells. There is, however, too much water vapor
in the upper troposphere and too little in the lower
troposphere in the tropics compared to observations
(Oort 1983). Tropical cloud cover (Fig. 1c) is regulated
by convection, with large-scale cirrus tending to form
at the level to which most tropical deep convection
penetrates in the model (200 mb).

The geographical distribution of deep convective
events (those which penetrate four or more model lev-
els) traces the location of the model’s ITCZ, SPCZ,
and midlatitude cyclonic storm tracks (Fig. 2a). The
GCM’s undesirable maximum in precipitation at 12°N
latitude is due to excessive convection in the Bay of
Bengal, Indochina, and over the warm waters west of
Central America. Deep convection typically occurs
10%-15% of the time in the most strongly convecting
regions of the ITCZ,; this is well below the 50%-80%
frequency estimated for 8° X 10° areas in the ISCCP
Pilot Data Set by Del Genio and Yao (1987). The dis-
crepancy indicates that either the time-averaged cu-
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that penetrate no farther than GCM level 3) for the control run. :

mulus mass flux in Model Il is too small or the arbitrary
mass flux per event is much too large. We will argue
_for the latter interpretation in the next section. Shallow
convection frequencies (the percentage of time steps

with convective events with cloud tops at or below
model level 3) are generally higher and more randomly
distributed, but with qualitatively realistic maxima in
the marine trade cumulus and stratocumulus regions



1 OCTOBER 1988

off the west coasts of North America, South America,
Africa, and Australia (Fig. 2b).

3. Results
a. Convection distribution and heating

Changes in the zonal-mean cumulus mass-flux pro-
files are displayed in Fig. 3 as differences between suc-
cessive experiments. Experiment W, which ties con-
vection to large-scale lifting, produces much less con-
vective mass flux in the monthly mean than the
arbitrarily determined control (see also Table 1). Much
of the change is at low levels, but significant decreases
also occur in tropical deep events, including a desirable
shift in the mass flux peak from 12°N to the equator.
Spurious high-latitude, upper-level events are also
practically eliminated. The addition of the surface flux
term (Experiment S) gives a global mean cumulus mass
flux about halfway between those of Experiment W
and the control but effectively cancels the low-latitude
effects of Experiment W. This suggests that the surface
flux influence on convection is too great in both Ex-
periment S and Model 11, although the relationship is
implicit in the latter. Varying PBL height (Experiment
Z) slightly increases M, at low levels but generally has
very little effect on this and most other aspects of the
simulation. Downdrafts (Experiment D), on the other
hand, enhance deep convection at the equator by re-
supplying moisture to the PBL relative to Z, partially
offsetting the drying of environmental subsidence.

Changes in the geographical distribution of convec-
tion occurrence frequencies are compared in Figs. 4
and 5. The average mass exchange per convective event
in Experiment W is about 5% of the cloud base grid
box (2.5 mb h™') in the ITCZ. This value is slightly
less than estimates diagnosed from GATE data (John-
son 1980) but a good deal more realistic than the 50%
prescribed in the control. Since less mass rises in each
event, Experiment W convects much more often than
the control despite its smaller time mean cumulus mass
flux. Increases in convective events are largest in areas
of strong convergence such as the ITCZ and midlati-
tude storm tracks. Shallow convection, on the other
hand, decreases almost everywhere, but especially in
the marine trade cumulus and stratocumulus regions
where large-scale subsidence is prevalent.

Globally, Experiment S produces more frequent
deep convection than Experiment W, but the increases
are confined to the continental and warm ocean regions
of the ITCZ. Colder tropical oceans and midlatitudes
actually show less frequent deep convection but much
more shallow convection. Varying PBL height (Z) es-
sentially keeps the time mean mass flux the same by
producing fewer events of both types with greater mass
flux per event. The effect of downdrafts (D) is to en-
hance deep convection throughout the ITCZ and shal-
low convection in colder ocean regions. Deep convec-
tion frequencies in the ITCZ in Experiment D are typ-
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ically 40%~70% and the mass flux per event is about
5 mb h~!, both close to observations (Del Genio and
Yao 1987; Johnson 1980).

Since the downdrafts that result from the parame-
terization used in Experiment D are not constrained
to originate at a particular altitude or within a particular
type of cumulus cloud, it is interesting to examine the
conditions that favor their formation. Figure 6 shows
the frequency of occurrence of downdrafts as a function
of the cloud base and cloud top levels of the updrafts
that give rise to them. It can be seen that downdrafts
are most often associated with deep convective events
(cloud top level > cloud base level) whose cloud base
level lies in the PBL, because such events are most
likely to mix cloudy air with cold, dry, midtroposphere
air, which is conducive to the generation of negative
buoyancy. As a result, convective events with down-
drafts occur preferentially in the tropics in a January
simulation (Fig. 7). Figure 7 also shows that oceanic
events are somewhat more likely to produce downdrafts
than continental events. This is probably due to the
higher humidity of the marine PBL, which produces
plumes with greater liquid water content and therefore
greater potential for evaporative cooling. The down-
drafts themselves tend to originate within the lower
and middle portions of the updraft, primarily at the
786 mb and 634 mb levels (not shown) where envi-
ronmental moist static energy is a minimum. This is
consistent with available observations (Houze and Betts
1981; Knupp and Cotton 1985) and recent mesoscale
simulations (Tao et al. 1987), suggesting that our sim-
ple parameterization captures at least some of the es-
sential physics of downdrafts.

A challenge for any moist convection scheme is its
ability to simulate vertical profiles of cumulus heating.
Figure 8 illustrates the effect of different parameteriza-
tions at four grid points representing different convec-
tive regimes. In the Marshall Islands region of the west-
ern Pacific ITCZ, the control run predicts much weaker
heating than the observed peak value of 5°Cd ™! (Reed
and Recker 1971; Thompson et al. 1979). Conver-
gence-based convection greatly increases the heating,
while the addition of surface fluxes (Experiment Z is
shown; Experiment S gives a similar result) produces
heating even weaker than the control. Downdrafts sig-
nificantly increase cumulus heating in this region; in
fact, another experiment with downdrafts but without
varying PBL height produces peak heating equal to
that observed. All of the runs exhibit excessive lower
troposphere heating, a possible reflection of either the
GCM’s simple condensate reevaporation formulation
or its representation of shallow convection. However,
considering that the simulation is for a different season
and different large-scale meteorological conditions than
the observations, the results for several of the runs are
encouraging.

At a continental ITCZ grid point (central Africa),
the dependence of cumulus heating on mass flux pa-
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TABLE 1. Zonal mean diabatic heating and general circulation quantities for all the experiments.
Experiment
Control w S Z D
Cumulus mass exchange (10° kg s™)
Global 1868 665 1246 1334 1473
Equator 150 - 104 125 128 168
Atmospheric diabatic heating (W m™2) :
Radiation ° ' ~118 -117 -115 —115 —116
Convection 88 56 76 79 78
Large-scale condensation 9 32 16 14 14
Sensible 23 31 26 25 25
Total 1.8 1.5 1.7 1.6 1.6
Peak N.H. streamfunction (10° kg s*)
Hadley cell 149 139 144 146 139
Ferrel cell 3 6 7 12 10
Vertically averaged vertical velocity 12°N-12°S
(107 mbs™) 72 6.5 7.0 7.0 6.5
Peak N.H. zonal wind
Magnitude (m s7%) 399 37.6 35.8 349 354
Latitude (deg.) 23 23 23 23 31
N.H. tropospheric energy (10° J m™2)
Eddy kinetic (EKE) 11.9 12.3 12.0 11.7 12.1
Zonal kinetic (ZKE) 7.4 6.7 6.8 6.7 6.8
Auvailable potential (APE) 74.9 78.7 75.3 76.9 75.2
N.H. energy conversions (W m™2)
APE — EKE 1.7 1.6 1.5 1.7 1.6
EKE -» ZKE —0.1 —0.2 -0.2 -0.0 -0.0
APE — ZKE 0.9 0.8 0.9 0.8 0.7
Poleward transports (N.H.)
Eddy: dry static energy (10" W) 16 16 16 16 15
latent heat (10'* W) 14 13 14 14 16
angular momentum (10'8 J) 5 7 5 10 7
Mean: dry static energy (10" W) 22 23 26 24 26
latent heat (10'* W) -9 -10 -9 ~10 -11
angular momentum (10'2 J) 3 3 5 4 5
Upward transports (global) .
Eddy: dry static energy (10 W) 28 30 29 28 27
latent heat (10** W) 32 35 31 31 33
angular momentum (10'® J) -4 -3 -4 -3 -3
Mean: dry static energy (10" W) 21 12 19 17 18
latent heat (10'* W) -4 3 4 4 5
angular momentum (10'® J) 56 44 51 50 51

rameterization is just the opposite of that seen in the
oceanic ITCZ. Convection tied to large-scale lifting de-
creases and surface moisture fluxes greatly enhance the
moist convective heating rate, while downdrafts have
little effect. This comparison illustrates the difficulty
involved in designing a cumulus parameterization that
is appropriate for all types of convective situations; we
will return to this point in connection with the diurnal
cycle in section 3e.

The situation in regions dominated by shallow con-
vection is more straightforward. At a grid point in the
Hawaiian Islands region where trade cumulus are
prevalent, the model predicts cumulus heating that
peaks near the top of the PBL (Fig. 8). Because this
area is dominated by large-scale subsidence, Experi-
ment W produces extremely weak heating, while sur-
face fluxes increase the heating to 2.3°C d !, consistent

with that observed in a similar region of the Atlantic
trades during BOMEX (Esbensen 1975). In the South
Atlantic off the west coast of Africa, where conditions
are even more suppressed and marine stratocumulus
dominate, the dependence on mass flux parameteriza-
tion is similar but heating rates are weaker. In both
regions, downdrafts are rare (because our parameter-
ization favors downdraft formation in deep events; see
Figs. 6, 7) and therefore have little impact on the heat-
ing rate.

b. Hydrology and temperature

The precipitation patterns produced by the various

- experiments are consistent with the changes in the cu-

mulus mass flux and deep convection frequency dis-
tributions (Figs. 3, 4). Figure 9 compares the precip-
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% OF CONVECTIVE EVENTS WITH DOWNDRAFTS
P(MB)

959 894 786 634
9 T — 27
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32t

P(MB)

-1468

CLOUD TOP LEVEL

-1634
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CLOUD BASE LEVEL

FIG. 6. Percentage of convective events in which downdrafts occur
as a function of updraft cloud base and cloud top GCM levels (with
corresponding pressures on opposite axes) for the last day of Exper-
iment D. The time period sampled represents an ensemble of almost
3900 deep convective events globally and more than 800 at equatorial
grid points. .

% OF CONVECTIVE EVE

itation field for the control run with that from Exper-
iment D. The experiment produces a generally sharper
Pacific ITCZ and better separation between the ITCZ
and SPCZ. It also removes the precipitation anomaly
off the Central American coast and greatly reduces
precipitation over the India/Bay of Bengal region and
Indochina. The zonal mean precipitation peak shifts
from 12°N to 4°S, in accord with existing January
precipitation climatologies (Jaeger 1976). The changes
are due in part to the convergence dependence of the
mass flux and in part to the downdrafts. The latter are
‘actually necessary to counter the tendency of the sur-
face fluxes to generate rainfall at 12°N in the model.
However, the surface flux contribution cannot be re-
moved, since it is largely responsible for the realistic
precipitation values over South America and Africa.
Atmospheric moisture is a crucial diagnostic for cli-
mate models because it affects water vapor feedback,
large-scale cloud feedback, moist static instability (and
thus precipitation), and tropospheric chemical reac-
tions. Moist convection is probably the controlling fac-
tor for humidity throughout the tropics and within the
PBL at higher latitudes. That this is so is demonstrated
by Fig. 10, which shows the changes in relative hu-
midity caused by the different mass flux prescriptions
in our experiments. The greatly diminished convection
of Experiment W reduces upward moisture transport,
drying out the tropical middle troposphere and mois-
tening the PBL all the way up to midlatitudes; Exper-
iment S, with its stronger convection, cancels much of
this effect. Varying PBL height is not a factor for the
moisture field, while downdrafts significantly moisten
the equatorial PBL relative to a simulation with only
dry subsidence, as expected. The PBL relative humidity
in Experiment D is about 90% over the tropical oceans,
consistent with GATE data (Thompson et al. 1979).

NTS WITH DOWNDRAFTS
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FIG. 7. Geographical distribution of the percentage of convective events with downdrafts for
the last day of Experiment D.
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FIG. 8. Vertical profiles of cumulus heating rate at selected grid points for four of the experiments.

Although temperature varies in the experiments (see
Fig. 11 and discussion below), the relative humidity
changes largely reflect changes in specific humidity.
For example, at 4°N, g at the lowest three GCM levels
(959, 894, and 786 mb) increases from 14.2, 10.5 and
7.3 g kg~!, respectively, in the control to 15.2, 11.3
and 8.0 g kg™! in Experiment D (compared with ob-
served values of 14.7, 11.8 and 8.0 g kg™! estimated
by interpolation from Oort 1983). The ability of our
downdraft experiment to produce realistic low-level
humidity may explain why penetrative schemes with
only environmental subsidence tend to excessively dry
out the lower troposphere (Geleyn et al. 1982). Un-
fortunately, the desirable midtroposphere drying
caused by convergence limitations on cumulus mass
flux extends only up to the 500 mb level. A separate
experiment that limits condensate reevaporation to
pressures greater than 500 mb has only a small effect
on the 200 mb humidity. This suggests that further
reductions in the cumulus mass flux, at least in the
upper troposphere, may be necessary to produce an
accurate humidity profile in the GISS model.

Temperature changes (Fig. 11) and cloud cover
changes (Fig. 12) are intimately related to each other
as well as to changes in convective heat and moisture
transports. Once again, Experiments W and S are al-
most mirror images in their effects; the decreased (in-
creased) convection in the former (latter) cools
(warms) the troposphere by as much as 5 K. Temper-
ature effects are actually greatest in the subtropics,
probably because of the dramatic changes in shallow
convective mass flux (Fig. 3). Low cloud cover changes
in these runs apparently follow changes in the specific
humidity more so than temperature, as can be seen by
comparing Figs. 10~12. High cloud changes in the
tropics, on the other hand, are opposite to that expected
from changes in ¢ and seemingly better correlated with
local temperature changes. Neither of the other exper-
iments produces large changes in either temperature
or cloud cover by comparison, although downdrafts
cause small increases in tropical cloudiness at most
levels and a slight cooling of the PBL relative to the
midtroposphere. In general, changes in convective
cloudiness are out of phase with changes in large-scale
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FIG. 9. Geographical distribution of precipitation (mm d ™) for the control run (upper)
and for Experiment D (lower).

supersaturation clouds in thé experiments, with the
latter usually determining the change in total cloud

cover.

¢. General circulation

Moist convection is much touted as a forcing func-
tion for the general circulation of the atmosphere.
Considering. the gross changes that occur in the mag-
nitude and latitudinal distribution of cumulus mass

180

VoL. 45, No. 19

flux in our experiments, one might therefore expect
corresponding dramatic dynamical changes. However,
this is generally not the case, at least for zonally aver-
aged aspects of the circulation. Table I compares a
numbeér of standard indicators of the general circulation
for each of the experiments. A few general tendencies
can be seen, €.g., a slight weakening of the Hadley cell
in response to weaker convection and a strengthening
of the Ferrel cell as poleward angular momentum
transport increases. For the most part, though, these
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and other differences are smaller than or comparable
to the model’s intrinsic interannual variability. Baker
et al. (1977), by comparison, noted significant differ-
ences in the energy cycle of the NCAR GCM when a
Kuo scheme was substituted for the standard convec-
tive adjustment used in most versions of the model.
This difference in sensitivity may reflect the fact that
our experiments differ less from each other than do
the schemes compared by Baker et al. Donner (1986)
has described the very different thermal balances pro-
duced by these parameterizations, while Albrecht et al.
(1986) have pointed out the inadequate treatment of
moisture fluxes in the convective adjustment approach.
The insensitivity of the general circulation to changes
in convection in our experiments is due in part to the
response of other diabatic processes to changes in cu-
mulus heating. Table 1 also shows the components of
the global atmospheric diabatic heating. Cumulus
heating changes in the experiments are significant but
less dramatic than changes in cumulus mass flux, be-
cause the mass flux includes shallow convective events
that release little latent heat. At the equator, in fact,
column convective heating varies even less from one
experiment to the next because low-level humidity
variations (Fig. 10) regulate condensate reevaporation
in such a way as to cancel variations in updraft latent
heat release. Globally, convective heating variations
are offset by changes in large-scale condensation and
surface sensible heating, keeping the total diabatic
heating almost constant. This compensation may, in
part, be a function of the fixed SST in the experiments.
It is interesting to note that the vertically integrated
radiative heating plays almost no role in the compen-
sation process, despite the large cloud cover changes
in several of the experiments (Fig. 12). (However, the
vertical profile of radiative heating does change, so ra-
diation is involved in local compensation.) This result
suggests that cloud/radiation/dynamics feedbacks may
be more complex than the simple radiative-convective
adjustment implied by the study of Albrecht et al.
(1986), which involved only changes in the vertical
distribution rather than in the magnitude of convective
heating. Of course the feedbacks seen in our experi-
ments are responses to changes in one parameter within
the same basic parameterization (except for Experi-
ment D). Different results may occur when completely
different schemes are compared (cf. Donner 1986).
A second factor limiting the sensitivity of the GCM
to variations in moist convection strength is the com-
pensation provided by large-scale dynamic transports.
This compensation is most evident in the vertical bud-
gets of heat, moisture and momentum (Table 1). The
largest changes in vertical transports are associated with
Experiment W, which has only 36% as much cumulus
mass flux globally as the control. With less downward
transport of dry static energy by convection, there is
less upward transport by the large-scale dynamics in
Experiment W. The burden for this is borne completely

JOURNAL OF THE ATMOSPHERIC SCIENCES
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by the mean flow—upward eddy transport actually in-
creases. Similarly, with less upward convective mois-
ture flux, there is a larger dynamical flux. In this case,
however, compensation is due to increased upward
eddy transport. Finally, with less cumulus friction in
Experiment W, the mean flow adjusts by transporting
less angular momentum upward. The common thread
is weaker transport by the mean meridional circulation
(even though the decrease in Hadley cell streamfunc-
tion is itself only marginally significant).

Our results are consistent with the findings of Rind
and Rossow (1984) and Rind (1986) that the feedbacks
among various dynamical processes limit the response

“of the general circulation in climate change experni-

ments. If the large-scale dynamics is relatively insen-
sitive to climate change, and convection is tied to the
dynamics (e.g., via the dependence of M, on wg), then
we expect the response of convection to climate change
to be weaker than estimates from previous doubled
CO, experiments, which relate convection only to the
existence or degree of moist static instability. We will
return to this point in section 4a.

The response of the GCM’s circulation to changes
in moist convection is quite different when we focus
on deviations from the zonally averaged flow, especially
in the tropics. Figure 13 displays the model’s upper
and lower troposphere low-latitude zonal wind as a

pplle} A-\,‘ Control
L 5 Expt.W ---~
E Expt.D =
° 10
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F1G. 13. Upper and lower troposphere zonal wind in the equatorial
region (8°N-16°S) as a function of longitude for three of the ex-
periments.
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function of longitude for several of the experiments
(see also Fig. 17 and the discussion in section 4b). The
Walker circulation associated with rising motion in the
western Pacific and Indonesia is evident in the tran-
sition from easterlies to westerlies at 201 mb just west
of the dateline and vice versa at 959 mb. A similar pair
of cells tied to heating over South America can bé seen
centered at —50°. The control produces a relatively
weak signature of the Walker cell in its upper level
westerlies. Experiment W, which ties cumulus mass
flux to convergence, gives the strongest Walker circu-
lation but a zonal mean zonal wind at 200 mb which
is too westerly, although its PBL zonal winds are fairly
realistic. Experiments S and Z (not shown ) are similar
to the control, while the downdraft experiment
strengthens the circulation somewhat relative to Ex-
periment Z.

The western Pacific component of the Hadley cir-
culation is also strengthened in the sensitivity experi-
ments, albeit to a lesser extent. In the control run, upper
level divergence is equally partitioned between the
Hadley and Walker components of the circulation. In
Experiments W and D, though, perturbation westerlies
in the western Pacific at 201 mb are double thejr mag-
nitude in the control, while the peak average meridional
wind between 165°E and 155°W increases from 2.8
m s~! in the control to 3.4 m s~} in Experiment W
and 3.7 m s~! in Experiment D.

The better definition of the Walker circulation is a
result of more large-scale organization of the tropical
convection in the sensitivity experiments. This is il-
lustrated by Fig. 14, which shows the equatorial eddy
kinetic energy spectrum for several runs. The control
is globally deficient in tropospheric longwave eddy en-
ergy in comparison to observations (Saltzman 1970)
and does not exhibit the observed wavenumber 1 peak
in the tropics (Julian et al. 1970). The experiments
slightly exacerbate this probiem in midlatitudes (al-
though meridional transports are not affected). How-
ever, Fig. 14 shows that longwave eddy energy is sig-
nificantly enhanced at the equator in all the experi-
ments because convective events are not as randomly
distributed as in the control. This result suggests that
the convection schemes described here may help aug-
ment interhemispheric mixing of trace gases, a weak-
ness of Model II (Prather et al. 1987). Much of the
longwave increase is in transient waves: Experiments
W and D have 35% and 46% more transient eddy ki-
netic energy in wavenumbers 1-3 than the control.
This may be an indication of wave-CISK feedbacks
operating on model-generated Kelvin and mixed
Rossby-gravity waves. :

d. Energy balance

Components of the global atmospheric energy bal-
ance at the top of the atmosphere and the surface for
each experiment are shown in Table 2. Changes in net
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for four of the experiments.

downward radiation at the top of the atmosphere are
dominated by variations in shortwave absorption and
scale directly with changes in the total cloud cover.
Longwave variations due to atmospheric cooling or
heating are secondary and anticorrelated with net ra-
diation. The sensitivity of the radiation balance to
clouds is illustrated by the most extreme experiment,
W, which increases cloud cover by 10% and completely
reverses the net planetary radiation. The most realistic
experiment (D) reduces the global net radiation into
the atmosphere by 2 W m 2, Another experiment that
includes a crude estimate of mesoscale cloud cover (by
increasing convective cloud cover above 500 mb by a
factor of 4 for deep convective events) further reduces
the net planetary radiation by 3 W m 2. We have not
run this version of the model over the annual cycle,
but the change in January net radiation suggests that
the combined effect of downdrafts and mesoscale anvil
clouds might remove most of the GCM’s annual mean
flux imbalance (cf. Hansen et al. 1984 ). Planetary al-
bedo variations are also primarily cloud-related; ground
albedo changes in the same sense (according to the
surface temperature change) but to a much lesser de-
gree.

Variations in the surface energy budget are tied to
low cloud cover, which is responsible for much of the
total cloud cover change. However, with the exception
of Experiment W, shortwave variations do not always
dominate the total change in net heating at the ground.
All the experiments have weaker evaporation than the
control, because the reduced convection maintains a
higher relative humidity in the PBL. This is not true
at all latitudes, though. Experiment W, for example,
actually has more evaporation at the equator than the
control because it focuses convergence there and in-
creases the surface wind speed by 40%. Sensible heating
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TABLE 2. Global mean climate quantities for all the experiments.

Experiment
Control w s z D
Net downward radiation into top of
atmosphere (W m~2) 15.2 -1.7 13.6 18.2 13.0
Absorbed shortwave 251.0 2225 246.9 252.7 245.4
Net longwave —-235.8 —230.2 -233.3 —234.5 -232.4
Net downward energy flux into surface (W m™2) 24.6 -3.0 21.8 26.6 21.5
Absorbed shortwave 1824 152.9 178.1 184.1 176.4
Net longwave —49.1 —43.3 - —49.5 -50.6 —-47.6
Sensible heat flux -22.8 -30.7 —25.5 -24.6 ~249
Evaporative heat flux -84.7 —80.7 —80.2 -81.0 -81.1
Surface temperature (°C) 12.0 10.7 11.5 11.9 11.8
Vertically averaged air temperature (°C) ~21.6 —24.6 -22.6 -22.3 —-22.2
Potential temperature difference, 468 mb-959
mb (°C) 31.2 27.1 29.7 129.5 304
Vertically averaged specific humidity (g kg™") 2.44 2.17 2.36 2.42 2.53
Specific humidity difference, 959 mb-468 mb
g kg™! 7.55 8.78 7.80 7.75 7.87
Planetary albedo (%) 289 37.0 30.0 284 . 30.5
Ground albedo (%) 11.8 12.8 12.0 11.6 11.8
Total cloud cover (%) 45.1 54.9 45.7 43.1 46.4
High 21.4 22.2 22.6 21.8 232
Middle 15.2 16.2 16.7 16.4 18.0
Low c 34.8 514 . 373 334 375
Mean cloud top pressure (mb) 475 541 474 456 457

increases in each run because weaker convective heat-
ing cools the atmosphere while sea surface temperatures
are fixed in the experiments.

e. Diurnal cycle

One way to validate (or more likely invalidate, con-
sidering our current understanding of the climate sys-
tem) a climate model is to test its response to known
variations in forcing. The best documented of these are
the seasonal and diurnal cycles. Simulation of the sea-
sonal cycle is a comprehensive test of all elements of
the model’s dynamics and parameterized physics.
Many elements of the climate system do not respond
as much to the diurnal cycle, the notable exceptions
being moist convection and the continental PBL. The
highly variable nature of the diurnal cycle of convection
from one geographic region to another suggests that
convection must react to multiple forcings. From a
climate standpoint, a GCM must correctly correlate
clouds with diurnal insolation variations to produce a
plausible cloud-radiation feedback. Consequently, the
diurnal cycle of convection presents a crucial yet for-
midable challenge for any cumulus parameterization
scheme.

Figures 15 and 16 illustrate the effect that cumulus
parameterization can have on the diurnal cycle at typ-
ical continental and oceanic grid points in the tropics.
Each figure compares the diurnal variation of precip-
itation and 200 mb cloud cover (which is often as-
sumed to be correlated with moist convection), along

with two of the major forcing terms for convection
(lifting and surface moisture flux), for two of the ex-
periments. In the Sahel region of Africa (Fig. 15), con-
vection should respond to the strong diurnal variation
of PBL heating. When cumulus mass flux is parame-
terized in terms of both lifting and surface fluxes (Ex-
periment S), this is indeed the case. Evaporation and
upward motion both peak in the early afternoon, pro-
ducing a distinct precipitation peak in the midafter-
noon, qualitatively correct but about three hours earlier
than observed (McGarry and Reed 1978; Duvel and
Kandel 1985; Del Genio and Yao 1987). High cloud
cover is in phase with upper troposphere humidity and
lags precipitation by four to five hours, in agreement .
with observations.

When cumulus mass flux is proportional only to
convergence (Experiment W), however, large-scale
vertical velocity actually peaks before dawn, out of
phase with the afternoon sensible heating maximum.
The precipitation peak weakens and shifts to midnight.
This example of cloud /dynamics feedbacks gone awry
emphasizes the importance of including some repre-
sentation of the effects of surface fluxes in moist con-
vection schemes.

In the western Pacific ITCZ, precipitation and very
high cloudiness are observed to peak near dawn with
a weaker diurnal amplitude than in continental areas
(Gray and Jacobson 1977; Albright et al. 1985; Hart-
mann and Recker 1986; Fu 1988). Explanations of
the early morning maximum include differential ra-
diative cooling and subsidence between cloudy and
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surface evaporative heat flux at a grid point in the

surrounding clear regions (Gray and Jacobson 1977)
and nighttime destabilization of the cloud top by ra-
diative cooling (Hobgood 1986). In most cases, the
GCM produces a midnight peak in precipitation in the
Marshall Islands. However, when we parameterize cu-
mulus mass flux in terms of convergence only (Exper-
iment W), rainfall peaks several hours before dawn
and minimizes near dusk (Fig. 16), in better agreement

Sahel region of Africa for two of the experiments.

with observations. The peak is roughly in phase with
the maximum in vertical velocity, but the latter has a
strong semidiurnal component and exhibits a second-
ary peak in late afternoon, when precipitation in the
model is decreasing. High cloud cover variations are
weak but more closely related to lifting than is precip-
itation. The cloud cover parameterization we use in
these runs, which minimizes convective cloudiness,
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limits the importance of either of the cloud-radiative
feedbacks discussed above. Both mechanisms may
therefore only enhance or slightly shift a diurnal cycle
driven by other processes. When the surface flux con-
tribution is added (Experiment S), the model shifts
" back to a general tendency for a midnight rainfall max-
imum and morning minimum, despite isolated sharp
increases just before dawn and dusk. The isolated peaks
roughly correlate with the semidiurnal peaks in lifting.
Thus, the best parameterization for continental con-
vection is not necessarily best for its oceanic counter-
part.

4, Discussion
a. Implications for climate sensitivity

Cloud feedback is undoubtedly the single greatest
source of uncertainty in estimates of the atmospheric
contribution to climate sensitivity. Manabe and Stouf-
fer (1980) inferred a climate sensitivity of 2°C at the
surface for doubled CO, using a version of the GFDL
GCM with moist convective adjustment and fixed
clouds. A more recent version with predicted clouds
warms the surface by about 4°C (Wetherald and Man-
abe 1986), as does the NCAR CCM with a similar
cloud scheme (Washington and Meehl 1984). Hansen
et al. (1984) produce a doubled CO, warming of 4.2°C
with the GISS Model II GCM, which has penetrative
convection and interactive clouds. Using a one-di-
mensional model, they estimate that 1.2°C of the
warming results from changes in cloud cover and height
and their nonlinear effect on other feedback processes
in the GCM. The UKMO GCM, also with a penetrative
convection scheme and predicted clouds, givesa 5.2°C
response to doubled CO, (Wilson and Mitchell 1987).

The convection experiments described in this paper
were conducted only for the current January climate
and therefore do not simulate a radiative equilibrium
state of the atmosphere, nor do they measure the con-
vective response to forced changes in the equilibrium
state. As a result, we cannot make quantitative state-
ments about climate sensitivity on the basis of these
runs alone. However, to the extent that the experiments
represent realistic modifications of the moist convec-
tion parameterization in the GCM, we can attempt to
qualitatively assess their effect on the cloud feedback
predicted by Model II. In this regard, Experiment D is
the most interesting. Its physics is the most compre-
hensive of all the experiments; furthermore, relative to
Model 11, it improves the simulation of deep convection
frequencies and heating rates, precipitation patterns,
the vertical humidity profile, Walker circulation,
equatorial eddy kinetic energy, and net radiation. We
thus consider the implications of all the experiments
but focus especially on Experiment D and its combined
effects of weaker convection (relative to Model II) and
downdrafts. The complexity of convection /dynamics
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interactions suggests, though, that such extrapolations
be viewed circumspectly.

All the experiments produce significantly weaker
convective mass fluxes than Model II (Fig. 3, Table
1). However, except for Experiment W, cloud cover

- changes are relatively small (Table 2). Low clouds are

more sensitive than middle and high clouds to changes
in convection strength, confirming the result of Hansen
et al. (1984) that the former dominate the cloud cover
contribution to the cloud/radiative feedback. Gener-
ally, low cloud cover anticorrelates with convection
strength in our runs because convection removes
moisture from the PBL faster than it can be resupplied
by surface evaporation. Thus, we might anticipate that -
the feedback due to low clouds depends on how con-
vection strength responds to doubled COs.

In Model II fractional changes in convective heating
for a variety of climate change experiments are almost
identical to changes in surface evaporation (cf. Rind
1986, Table 1). Since the cumulus mass flux per event
is fixed in Model II, changes in convection indicate
only changes in the frequency of occurrence of deep

-moist static instability due to the altered evaporation.,

Similar arguments should hold for the GFDL, NCAR,
and UKMO GCM doubled CO, experiments, except
that the convective flux in these models also depends

" on the degree of instability. This difference is apparently

not very important, considering the similar cloud feed-
back on global mean surface temperature in all of these
models. :

We have argued, though, that large-scale conver-
gence is also an important determinant of cumulus
mass flux. The fact that the tropical atmosphere often
maintains itself in an unstable state until lifting triggers -
convection suggests that the convective response to
doubled CO; will depend as much on changes in con-
vergence as on changes in instability. The Hadley cell
is a good indicator of tropical mean vertical motions
in the GCM. In our experiments, the strength of the
Hadley cell and the tropical mean vertical velocity are
well correlated, and both are fairly insensitive to
changes in convection (Table 1). In doubled CO; ex-
periments with Model II, Hadley cell strength and
mean vertical velocity in fact slightly decrease (Rind
1986). If M. is explicitly linked to low-level conver-
gence, the effect of increased surface fluxes on M. in a
doubled CO; experiment should therefore be muted if
mean vertical motions do not respond in the same way.
Taken at face value, this suggests that the response of
the mean cumulus mass flux to doubled CO, will be
less dramatic than that of Model II. We thus expect a
smaller overall decrease in low clouds and a weaker
positive feedback on global mean surface temperatire
due to changing cloud amount. This does not neces-
sarily preclude regional changes in M,. In fact, the sen-
sitivity of the Walker circulation in our experiments
(Figs. 13, 17) argues that the zonally asymmetric re-
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sponse of convection to increased CO, may be quite
important. Changes in the latitudinal and vertical de-
pendence of the feedback are also likely.

The weaker cloud feedback we postulate due to con-
vection /dynamics interactions is independent of other
cloud feedbacks that can exist with or without changes
in cumulus mass flux. Cloud optical thickness feed-
backs (Somerville and Remer 1984; Betts and Harsh-
vardhan 1987), for example, may work in the same
direction, possibly even changing the sign of the net
cloud feedback (Roeckner et al. 1987).

The impact of cloud height changes on cloud feed-
back is more difficult to diagnose. High and middle
cloud variations are limited by cancellation between
the effects of varying temperature and specific humidity

in the experiments. However, all the runs have more
global mean middle and high cloud cover than the
control, despite the fact that each one except Experi-
ment D has less upper level moisture. This suggests
that changing temperature rather than changing specific
humidity controls variations in upper level clouds for
the current climate. This is opposite to the behavior of
Model II for doubled CO, (Hansen et al. 1984), at
least for high clouds. The difference is that, while both
our experiments and those of Hansen et al. imply local
decreases in high clouds at the latitude of peak con-
vection, the Model II experiments compensate with
large increases in high clouds elsewhere while ours do
not. All of this suggests that changes in high clouds
may be sensitive to details of the parameterization of
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both convective heat and moisture transports. For runs
in which cumulus mass flux changes are relatively
small, variations in high and middle clouds sometimes
outweigh changes in low clouds to give a mean cloud
top pressure variation out of phase with the shift in
low cloud amount (for example, compare the control,
Experiment Z, and Experiment D). Therefore, the
cloud height contribution to cloud feedback may not
‘be a simple function of convection strength.

In our experiment, downdrafts increase all types of
clouds—low due to moistening of the PBL by the
downdraft itself relative to pure subsidence, middle and
high due to increased updraft mass and moisture flux.
Thus, mean cloud height stays constant in our exper-
iment (Table 2), suggesting that the role of downdrafts
in cloud feedback will be primarily due to changes in
cloud amount. The sense is that if downdrafts increase
in a doubled CO, simulation, positive cloud feedback
decreases due to the albedo effect of increased cloud
cover. Current understanding of downdrafts is inade-
quate to predict whether they will be more or less prev-
alent in a warmer climate. Hookings (1965) showed
that downdrafts become more vigorous with increasing
cloud liquid water content. Since adiabatic liquid water
content in a lifting cloud increases with temperature
according to the slope of the moist adiabat (Betts and
Harshvardhan 1987), it is plausible to assume that
downdrafts will increase as climate warms. However,
downdrafts are sensitive to other factors such as en-
vironmental relative humidity and lapse rate (Hook-
ings 1965; Srivastava 1987), which could oppose the
tendency of increased precipitation to enhance down-
drafts. Even if downdraft frequency remains constant,
the tendency of downdrafts to offset subsidence drying
in the PBL may make low cloud cover less sensitive to
changes in convection strength.

Another potential éffect of downdrafts is their role
in the combined feedback due to changing lapse rate
and vertical distribution of water vapor. In Model II,
these effects largely cancel because increased upward
transport of moisture correlates with increased static
stability (Hansen et al. 1984). Downdrafts, on the
contrary, reduce upward moisture transport while in-
creasing static stability (Figs. 10, 11, Table 2), so the
two feedbacks cancel to a lesser extent. Once again,
the sense is that increasing downdrafts are a negative
feedback.

A smaller cloud feedback may actually be indicated
by paleoclimate experiments done with Model II
When run with CLIMAP boundary conditions for the
last ice age, the GCM gives a radiation flux imbalance
of 1.6 W m 2 (Hansen et al. 1984). A run with ocean
temperatures that are lower by 2°C gives a better sim-
ulation and is more consistent with land evidence
(Rind and Peteet 1985). However, Hansen et al. note
that a smaller ocean temperature discrepancy may be
accommodated if cloud feedback is weaker than esti-
mated by Model II. Weaker convection feedback may
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also explain part of the discrepancy between doubled
CO, experiments which predict large warming of the
tropical upper troposphere and radiosonde observa-
tions which suggest that this region has actually cooled
over the past 25 years (Angell 1986).

b. Convection-SST relationships

Attention has recently focused on observations
which indicate that deep convection over the tropical
oceans is limited to regions whose sea surface temper-
ature (SST) lies above a critical value of about 27°C
(Gadgil et al. 1984; Graham and Barnett 1987; Fu
1988). It has been suggested that this value of SST
reflects a marginal instability criterion for atmospheric
and coupled atmosphere-ocean modes driven by CISK
and evaporation-wind feedbacks, SST advection, and
oceanic upwelling (Lau and Shen 1988).

Figure 17 shows the longitudinal variation of cu-
mulus heating, vertical velocity, and SST in the equa-
torial region (8°N-16°S) for several of our mass flux
experiments. Experiment W tends to heat more and
have stronger rising motion than the control over the
warmest ocean waters, while the reverse is true over
land. Experiment D gives a more coherent longitudinal
variation of heating and lifting than the other runs over
regions that are completely ocean-covered. However,
to zeroth order, all the experiments exhibit the same
relationship between convection, the sign of the large-
scale vertical motion, and SST, regardless of how the
cumulus mass flux is parameterized.

The details of the convection distribution are con-
sistent with observations. For SST < 27°C, cumulus
heating increases sharply with increasing SST. Above
27°C, convection is less sensitive to variations of SST,
especially in the western Pacific, but a positive corre-
lation between cumulus heating and SST still exists in
Experiments W and D. This latter result is actually
consistent with the findings of Graham and Barnett
(1987) for regions of surface convergence (see their
Fig. 6), although the statement is sometimes made that
convection is uncorrelated with SST above 27°C.

The GCM’s ability to reproduce the observations
both with an arbitrary cumulus mass flux prescription
and with various combinations of lifting, surface flux,
and downdraft effects suggests that the convection-SST
relationship is determined primarily by factors other
than a fundamental unstable dynamical mode of the
coupled atmosphere-ocean system. In our experiments
the first layer temperature over the tropical oceans is
typically 4°C lower than the SST and the temperature
profile is unstable to deep convection for PBL tem-
peratures greater than about 23°C. Thus, the change
in convection regimes near the 27°C SST location in
the GCM can be traced to simple thermodynamic con-
straints on deep convection.

Previous experiments with Model II studied the re-
sponse of the Walker circulation to the removal of
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continents, removal of SST gradients, and changes in
mean Pacific SST (Chervin and Druyan 1984; Stone
and Chervin 1984). In these experiments the suppres-
sion of convection by subsidence over the eastern Pa-
cific was shown to be most sensitive to heating over
South America and the maritime continent. In addi-
tion, when western Pacific SSTs were lowered to match
those of the eastern Pacific, a significant Walker cir-
culation remained. This suggests that the location of
rising and sinking motion over the tropical Pacific is
strongly constrained by continentality, Transports by
this forced circulation control the moist static stability,
and to a large extent this determines the location of
oceanic deep convective events. SST patterns may
modulate this basic circulation, but SST gradients may
be more important in this regard than the magnitude
of the SST itself. If there is any basis for the concept
of a critical SST related to dynamical instability mech-
anisms, it might be tested most appropriately in a GCM
by systematically varying mean SST and SST gradients
with all tropical continents removed.

¢. Remarks on cumulus parameterization

Although Experiment D represents a significant im-
provement over Model II, it has several obvious short-
comings. Equation (4), for example, relates changes
in z to the degree of large-scale subsidence. Subsidence
equals M, without convective downdrafts, but when
downdrafts are present, environmental subsidence is
reduced to M, — M,, where M, is the downdraft mass
flux. Thus, M, in (4) should also be replaced by M.
— My; the net effect would be to increase M, thus
simulating the enhancement of convection by down-
draft-initiated convergence. The crude representation
of varying PBL height in (4) can be improved by in-
cluding horizontal advection. A bigger problem is the
inability of (4) to predict stratocumulus layers, since
the height of the PBL always varies according to the
LCL. One possibility is to assume that in the absence
of downdrafts, convective updraft mass fluxes are lim-
ited to that required to keep PBL height constant.
GATE composite easterly wave analyses, in fact, show
the mixed layer height remaining roughly constant or
slightly increasing during the phase in which deep cu-
mulus updraft mass flux is a maximum (Johnson 1980,
Figs. 15, 16). Undisturbed trade wind environments
dominated by shallow convection also exhibit little
variation in mixed layer depth (Holland and Rasmus-
son 1973, Fig. 3). With downdrafts, M, could be aug-
mented by the downdraft mass flux M?%¥ from the pre-
vious convective event (cf. Frank and Cohen 1987).
We would then parameterize M, according to

F,
Mc=pBWB+'A—;+M:‘i‘ )
and predict the rate of change of zp following the flow
as

ANTHONY D. DEL GENIO AND MAO-SUNG YAO

2665

z F,

a2 = pawa + 1L = (M. = Mi) = My~ M3. (©)
When cumulus are present without downdrafts, (6)
keeps PBL height constant, With downdrafts the PBL
initially rises as the downdraft mass flux increases and
is then suppressed as convection begins to diminish.
When cumulus are not present, zz may go up or down
according to the net effect of large-scale motions and
the surface moisture flux (for a PBL driven by dry
convection). In this way thin stratocumulus layers may
be predicted by comparing zp to zi o (cf. Randall et
al. 1985). We plan to conduct experiments testing this
hypothesis. Alternatively, the first equality in (6) may
be applied with M, computed independently via an
adjustment criterion; the effect of using such an ap-
proach for computing M, will be discussed in a separate
paper (in preparation).

It is also clear from the experiments that the con-
tribution of surface evaporation to the cumulus mass
flux is overestimated in our model, at least over the
tropical oceans. Downdraft enhancement of conver-
gence may offset this problem to some extent. Another
possibility is that convergence may have a greater
subgrid-scale variance than does evaporation, such that
the former dominates in mesoscale areas of cloud clus-
ter formation. The most reliable parameterization may
be one which nominally predicts M, from a modified
version of (5) with the surface flux term weighted by
the cluster areal extent, but which limits the convective
flux to that just needed to stabilize. In this way both
forcing and stability considerations can constrain con-
vection and excessive surface flux effects may be
avoided.

Our experiments demonstrate that convective
downdrafts can have a noticeable positive impact on
a GCM simulation. Unsaturated mesoscale downdrafts
that form at the melting level are now thought to be
just as important for organized convective clusters
(Zipser 1977; Johnson 1980). Mesoscale updrafts as-
sociated with anvils above the melting level are less
well understood but may contribute significantly to the
total cluster precipitation and heating profiles (Cheng

. and Houze 1979; Johnson 1984). The long life cycle

of mesoscale clusters, which could conceivably account
for phase differences between observed diurnal cycles
of convection and those simulated by our model, is
not yet addressed by any moist convection scheme.
Representation of these effects in future cumulus pa-
rameterizations is clearly indicated.

Much has been learned about the dynamics of trop-
ical convection through intensive field studies such as -
GATE and MONEX. This paper represents one at-
tempt to incorporate some of that knowledge into the
design and validation of a cumulus parameterization
scheme. Further advances in parameterization depend
on a more quantitative understanding of relationships
between convection and large-scale variables. In par-
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ticular, the exact relationship between deep cumulus
mass flux and large-scale vertical velocity, and between
updraft and downdraft mass fluxes, needs to be inves-
tigated. Since these quantities are not likely to be mea-
sured with any accuracy, the best source of information
may be mesoscale models. To date, such models have
concentrated primarily on reproducing observed con-
vective structures from known large-scale initial con-
ditions. More systematic studies of the response of
convection to variations of individual parameters could
make mesoscale models a valuable tool for under-
standing convection in a broader context. Recent sim-
ulations have taken tentative steps in this direction by
illustrating updraft/downdraft/wind shear relation-
ships (Simpson et al. 1982; Weisman and Klemp 1982;
Tao et al. 1987) and hold much promise for the future.

5. Conclusions

The experiments described in this paper demonstrate
that the effects of both low-level convergence and sur-
face moisture fluxes should be considered in the design
of a cumulus parameterization intended for use in a
global model. Downdrafts, which have not previously
been incorporated in cumulus parameterizations em-
ployed in operational GCMSs, have a significant impact
on the simulation of tropical climate. Each of these
effects should be taken into account in future assess-

ments of cloud feedback in climate problems, because

realistic modeling of convective influences appears to
be central to the prediction of changes in cloud cover
~ and vertical distribution. :

A proper evaluation of the role of moist convection
in determining climate sensitivity depends on the
availability of adequate databases against which can-
didate parameterizations can be validated. Monthly
global cloud retrievals about to be released by the
International Satellite Cloud Climatology Project
(ISCCP; Schiffer and Rossow. 1985) represent an im-
portant resource for future studies of cloud/climate
interactions. In addition to the primary ISCCP products
relevant to radiative properties of large-scale clouds,
potential information on the distribution of deep con-

vective clouds is available. Preliminary studies with a .

pilot version of the data suggest that the diagnosed
properties of deep convective clouds are realistic (Del
Genio and Yao 1987). From the standpoint of deep
convection modeling, a complementary global clima-
tology of precipitation, which indicates vertically in-
tegrated latent heating, would be equally useful as a
further constraint on parameterizations. Reliable pre-
cipitation climatologies do not exist, especially over
the oceans. However, plans for a satellite mission to
measure tropical rainfall are being considered ( Thiele
1987). Such a dataset, combined with global cloud in-
formation from ISCCP and global analyses of the ver-
tical profile of diabatic heating (cf. Kasahara et al.
1987), would provide a comprehensive test of the
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physics of cumulus parameterization schemes used in
global models.
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