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ABSTRACT

This paper examines the influence of imposed drying, intended to represent

horizontal advection of dry air, on parameterized deep convection interacting with

large-scale dynamics in a single column model framework. Two single column

models, one based on the NASA GEOS5 general circulation model and the other

developed by Bony and Emanuel, are run in weak temperature gradient mode. Dry-

ing is imposed by relaxation of the specific humidity field towards zero within a

specified vertical layer. The strength of the drying is controlled either by specify-

ing the relaxation time scale or the vertically-integrateddrying tendency; results

are insensitive to which specification is used.

The two models reach very different solutions for the same boundary condi-

tions and model configuration. Even when adjustments to the boundary conditions

and model parameters are made to render the precipitation rates similar, large dif-

ferences in the profiles of relative humidity and large-scale vertical velocity per-

sist. In both models, however, drying in the middle troposphere is more effec-

tive, per kg m−2 s−1 (or W m−2) of imposed drying, in suppressing precipitation

than is drying in the lower troposphere. Even when compared at equal relaxation

time (corresponding to weaker net drying in the middle than lower troposphere)

middle-tropospheric drying is comparably effective to lower-tropospheric drying.

Upper-tropospheric drying has a relatively small effect onprecipitation, though

large drying in the upper troposphere cannot be imposed in steady state due to the

lack of moisture there. Consistently with the other model differences, the gross

1



moist stabilities of the two models are quite different, andvary somewhat differ-

ently as a function of imposed drying, but in both models the gross moist stability

increases as the drying is increased when it is less than around 30W m−2 and

located in the middle troposphere. For lower-troposphericdrying the gross moist

stability either decreases with increased drying or increases more slowly than for

middle-tropospheric drying.
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1. Introduction

The occurrence and intensity of deep convection are sensitive to the environmental profile of

free tropospheric humidity (e.g., Parsons et al. 1994; Yoneyama and Fujitani 1995; Mapes

and Zuidema 1996; Derbyshire et al. 2004) . It is becoming widely recognized that a correct

representation of this sensitivity is important for convective parameterization schemes in nu-

merical models. There is evidence that inadequate sensitivity to environmental humidity is at

least partly responsible for a range of biases in climate models, both in the climatological mean

(e.g., Biasutti et al. 2006; Bretherton 2007) and transientvariability, such as the Madden-Julian

oscillation (e.g., Tokioka et al. 1988; Lin et al. 2006).

The humidity-convection interaction is manifest in observed statistical relationships be-

tween precipitation and column-averaged saturation deficit or other measures of the relative

humidity profile (e.g., Sherwood 1999; Sherwood and Wahrlich 1999; Raymond et al. 2003,

Bretherton et al. 2004; Peters and Neelin 2006; Cetrone and Houze 2006). These correlations

represent both the influence of environmental humidity on convection and the influence of con-

vection on environmental humidity. Humidity influences convection through entrainment of

environmental air into updrafts and the evaporation of condensate. Humidity influences convec-

tion by direct fueling, as Atmospheric Boundary Layer (ABL)humidity controls the buoyancy

of updrafts, and by the entrainment of free-tropospheric environmental air into updrafts. Con-

vection influences humidity by consuming ABL humidity, moistening the upper troposphere by

detrainment of water vapor and condensate that is susceptible to evaporation, and by inducing

large-scale ascent and moisture convergence. It is difficult to disentangle these different pro-

cesses in observations, but useful information comes from looking at the different relationships
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between convection and humidity as observed at different vertical levels.

Because convective mass fluxes originate near the surface, we expect that environmental

humidity at low levels — the boundary layer and the lower portion of the free troposphere

— will act as an important control on deep convection. On the other hand, we expect that

environmental humidity in the upper troposphere is largelya by-product of convection (or its

absence) because convective updrafts reach their ends in the upper troposphere. By the time

parcels reach that point, the convection is already deep by definition, so it is too late for en-

trainment of dry air to prevent deep convection from developing, and most of the precipitation

which is likely to form from those parcels has already done so. Both the deep convective

moistening and the radiatively-induced drying at the top ofthe troposphere are rapid, so that

upper-level humidity is bimodal, reflecting either the presence or absence of convection (Brown

and Zhang 1997; Zhang et al. 2003). The bimodality becomes weaker at lower levels to which

shallow or midlevel convection, which is more frequent thandeep convection, is able to pene-

trate. Observational studies using time-lagged statistics to infer causality support the intuitive

picture of lower-tropospheric humidity influencing convection while upper-tropospheric hu-

midity more passively responds to convection [Sherwood 1999, Sherwood and Wahrlich 1999,

Straub and Kiladis 2002, Straub and Kiladis 2003, Sobel et al. 2004].

In the middle of the troposphere, there must be a transition in which environmental hu-

midity goes from having a significant causal influence on convection to being more passively

determined by convection, but we do not know the nature of this transition. At what level does

it occur, and how rapidly? Is it similar for all deep convective events or does it differ depend-

ing on environmental conditions or the structure of the convective system? To what extent can
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environmental humidity be both a cause and effect of deep convection simultaneously?

These questions motivate this study. We perform a set of calculations using single column

models with parameterized convection. Drying tendencies are imposed in different vertical

layers, and the response of the model precipitation and related fields is examined as a function

of the strength of the drying and the altitude at which it is applied. This strategy allows us

to influence the humidity at selected levels without entirely disabling any feedback between

moisture and convection (as would occur, for example, if we were to simply prescribe the

humidity profile and keep it fixed). The use of parameterized convection prohibits us from

making strong statements about the extent to which the results tell us about nature, but we view

the results as posing hypotheses worthy of further consideration. The fact that some aspects of

the sensitivity to imposed drying are similar in the two models despite large differences in other

aspects of the solutions lends support to this view.

2. Models

a. GEOS5

This model, derived directly from the NASA GEOS5 general circulation model, is simi-

lar to that described in Sobel et al. (2007) except for the numerical scheme used within

the convective parameterization for the vertical advection by compensating subsidence. In

Sobel et al. (2007), a first-order upwind scheme was implemented, while here we use a

centered scheme, which ensures a better conservation of column-integrated moist-static en-
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ergy. The GEOS5 includes a Relaxed Arakawa-Schubert parameterization of convection

[Moorthi and Suarez 1992] and the radiation scheme of Chou and Suarez (1999) . Detailed

documentation describing the GEOS5 GCM and its physical parameterizations may be found

at http://gmao.gsfc.nasa.gov/systems/geos5.

b. Bony-Emanuel model

We use the model of Bony and Emanuel (2001), who developed thecloud parameterization used

in the model. The model uses the convection scheme of Emanuel(1991) as further developed

by Emanuel and Zivkovic-Rothman 1999. The radiation parameterizations are due to Fouquart

and Bonnel (1980) and Morcrette (1991). Further description of the model can be found in

Bony et al. (2008). The model is run in pressure coordinates with 46 vertical levels, a vertical

resolution of 25 hPa in the troposphere.

3. Experimental design

The model is run in ”weak temperature gradient” (WTG) mode, as in Sobel and Bretherton

(2000) and Chiang and Sobel (2002) (both of which used the earlier version of the MIT single-

column model, that developed by Renno et al. 1994a,b). An essentially similar, but not identical

method was used in the cloud-resolving model studies of Raymond and Zeng (2005) and Ray-

mond (2007). Briefly, in the free troposphere temperature tendency due to vertical advection of

potential temperature is assumed to exactly balance the netdiabatic tendency due to convection
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and radiation. The total temperature tendency is thus assumed to be zero, and the free tropo-

spheric temperature does not change throughout the model integration. The vertical velocity

(ω, in pressure coordinates) is diagnosed interactively as that consistent with the cancellation

of adiabatic cooling (heating) and diabatic heating (cooling). The resulting vertical velocity

is used to compute the vertical advection of moisture, thus determining the implicit moisture

convergence. In the boundary layer, chosen somewhat arbitrarily to be the layer between the

surface and 850 hPa, the original prognostic temperature equation is solved, and the vertical

velocity is computed by linear interpolation between the lowest free tropospheric level and the

surface, whereω = 0 is assumed.

With each model, we first produce a temperature sounding by running the model in its

standard mode (not WTG), withω = 0 imposed at all levels, to radiative-convective equilibrium

over a sea surface temperature of 301K. Surface wind speed isset to 7 m s−1 and solar insolation

is set to 400 W m−2 with a constant solar zenith angle of zero, thus no diurnal cycle. The

resulting RCE temperature profiles are shown in Fig. 1. The difference between the two profiles

is largest in the lower to middle troposphere, where the GEOS5 model approaches 2◦K warmer

than the MIT model at some levels. The GEOS5 model is warmer than the MIT model by

0.5-1◦K in the upper troposphere, and slightly cooler near the surface.

The RCE temperature and humidity sounding from each model isused as input to the same

model in WTG mode. The humidity profile serves as an initial condition; as the model runs

the humidity varies freely. The same is true of the temperature field below 850 hPa. Above

850 hPa, the temperature profile remains constant, and so is the same throughout each run

of each model (though the two models use different temperature profiles, each taken from its
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respective RCE state). SST is then varied from one calculation to the next to produce drier or

rainier model solutions. Sobel et al. (2007) showed that fora range of boundary conditions

(essentially as long as SST is large enough that deep convection is possible for a given free

tropospheric temperature profile), the GEOS model in this configuration has two equilibria,

one in which deep convection occurs and one in which it does not. The MIT model has the

same behavior (not shown). Here, we focus on the influence of imposed drying on convection

and therefore consider only the precipitating equilibrium. In both models, precipitation is an

increasing function of SST, but the functions are quite different in the two models, as shown

in Fig. 2. The MIT model, when run with the same parameters used to generate the RCE, is

quite dry, both by comparison to the GEOS5 model and in the sense that it does not reach a

precipitation rate equal to that in the RCE state (about 5 mm day−1) until the SST is significantly

(∼ 1.7◦K) higher than that for which the RCE was obtained. This behavior, shown by the curve

labeled ”control MIT” in the figure, is quite different than that found by Sobel and Bretherton

(2000) in the Rennó et al. (1994a,b) model, but is somewhat more similar to that found by

Raymond and Zeng (2005) in their cloud-resolving model. TheGEOS5 model’s behavior is

strongly in the opposite sense, with the precipitation at anSST of 301◦K being much larger

than the RCE precipitation obtained at that SST.

Our interest here is on the influence of imposed drying in different vertical layers. To

compare this influence in the two models, it is desirable to start with similar model solutions.

We wish those solutions to be fairly strongly precipitating, as we will apply an imposed drying

of varying strength and evaluate the reduction in precipitation which occurs; a rainier solution

for zero drying allows a larger dynamic range in the imposed drying. We choose values around
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25 mm d−1. In judging the relevance of these solutions to the real atmosphere, these rain rates

should not be compared to observed climatological or even monthly mean rain rates, as these

typically include periods of no rain, whereas our solutionsare steady. It is probably better

to view our solutions as representative of shorter periods.As a daily rain rate, for example,

25 mm d−1 is not particularly extreme.

To obtain such a rainy solution in the GEOS5 model, we increase the SST to 302◦K, one

degree warmer than that used to obtain the RCE. In order to obtain precipitation similar to that

of the GEOS5 model in the calculation with no imposed drying,we increase the SST in the

MIT model relative to that used in GEOS5 by 0.7◦K, to 302.7◦K, and also change the values

of three parameters in the convection scheme (see Appendix). The resulting model, denoted

”Modified MIT model” in Fig. 1, is used in all calculations described below.

The parameter changes in the modified MIT model render it different from that used to

produce the RCE sounding. This compromise is made so that we do not have to make the SST

difference between the two models considerably larger still in order to get similar precipitation

rates. Sensitivity tests show that the results from the MIT model are not qualitatively dependent

on the changed model parameters.

Drying is imposed by a relaxation of the model’s specific humidity field towards zero in

a given layer, whose boundaries in pressure arep1 andp2. This can be thought of as a crude

representation of horizontal advection of dry air, where the relaxation time scale is a length

scale associated with horizontal moisture gradients divided by a typical horizontal velocity.

Here we impose the strength of the humidity removal either byspecifying its total integral,Fq

(in kg m−2 s−1 or W m−2) or by specifying the relaxation time scale,τq. Thus the imposed
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horizontal advective drying,∂tq(p, t)|hadv, is

∂tq(p, t)|hadv = −
q(p, t)

τq

for p1 < p < p2 (1)

with τq = F−1

q

∫ p2

p1

Lq
dp

g
, (2)

andL the latent heat of vaporization andg the acceleration of gravity, withFq given in W m−2.

EitherFq or τq can be specified, but not both, since they are related throughthe model solution

for q which is not knowna priori.

A result of our calculations shown below is that in each model, the functional relationship

betweenFq and τq is almost exactly the same regardless of which one of them is specified

(see Fig. 7). It is not entirely obvious that this need be the case — feedbacks involving theq

field could conceivably change the relationship when the model formulation is changed via the

imposition ofFq instead ofτq or vice versa — but the fact that it is simplifies the presentation

and interpretation of the results. Most results are presented only in terms ofFq, and where not

stated otherwise the results shown are for the calculationsfor which Fq is fixed (though again

the results are essentially the same for the fixedτq results, as long as they are compared at

constantFq).

A valid quasi-steady model solution can be obtained for a positive and sufficiently large

τq. At a bare minimumτq must be greater than the model time step; in practice the effective

minimum we find is usually greater than that. In physical terms, forτq below the minimum, the

drying removes moisture faster than the other processes represented in the model can resupply

it. This means that for any given model, set of boundary conditions, and choice ofp1 andp2,

there is a threshold value ofFq such that steady solutions cannot be obtained forFq larger than

that threshold. We will show below that the threshold value for Fq is quite variable depending
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on which model we choose and the values forp1 andp2, but tends to be on the order of tens of

W m−2, smaller values ofp1 andp2 (drying at higher levels) and smaller in the MIT than the

GEOS5 model.

We perform three sets of experiments with each model, with export of humidity from the

upper free troposphere (p1 = 150 hPa,p2 = 375 hPa), middle free troposphere (p1 = 375 hPa,

p2 = 600 hPa), and lower free troposphere (p1 = 600 hPa,p2 = 825 hPa).

The GEOS5 model is run for 6 months, with all plotted quantities shown as averages over

the last month. The MIT model is run for 300 days, and plotted quantities are averages over the

last 100 days. Both models undergo small to moderate-amplitude oscillations in some cases. In

the GEOS5 model the period of these oscillations does not exceed 3-4 days. It can be of order

10 days in the MIT model, motivating the longer averaging time in that model.

4. Results

a. Precipitation, humidity, and vertical velocity

Fig. 3 shows the precipitation in both models as a function ofFq. Results are shown for the

calculations with fixedFq as well as with fixedτq, demonstrating that there is little difference

in the results as long as they are compared at equalFq. Results are shown for the values ofFq at

which statistically steady solutions were obtained. In theMIT model in particular, we see that

the threshold past which solutions cannot be obtained occurs at relatively smallFq for export

in the middle and especially upper troposphere. Precipitation tends to decrease withFq, though
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this is not true everywhere and there are large ranges where the dependence of precipitation on

Fq is very weak. Perhaps most significant is the result that in both models, dry air injection in

the middle troposphere is more effective, per W m−2, at suppressing precipitation than is dry

air injection in the lower troposphere. The response of the two models to dry air injection in the

upper troposphere is very different: in the MIT model the precipitation is reduced drastically

by the injection of dry air, leading to the suppression of convection for smallFq; in the GEOS5

model, the precipitation is insensitive to the export of humidity from the upper troposphere.

Figs. 4 and 5 show the pressure vertical velocity (ω) and relative humidity as functions of

pressure andFq. We see dramatic differences inω between the two models. The GEOS5 model

ω tends to exceed that from the MIT model by close to an order of magnitude, and has strong

ascent in the upper-mid troposphere, around the 400-500 hPalayer, with strong descent below,

while the MIT model has ascent throughout the troposphere. This is a large difference.

The relative humidity field shows large differences as well.The MIT model is much drier

throughout the troposphere than is the GEOS5 model, except right around the tropopause where

the former approaches saturation.

Fig. 6 shows precipitation in both models as a function ofτq, with the latter on a logarithmic

scale. In both models, drying in the upper troposphere is relatively ineffective at suppressing

precipitation when compared in this way to middle- and lower-tropospheric drying. For values

of τq less than 10-20 days, dry air injection in the middle and lower troposphere is more effec-

tive. In the MIT model, lower tropospheric drying is more effective for largerτq, but middle

tropospheric drying becomes approximately equally effective aroundτq = 5 days and below. In

the GEOS5 model, lower and middle tropospheric drying have similar effects down to 5 days,
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the smallest value for which a precipitating, quasi-steadystate can be reached, with middle

tropospheric drying being slightly more effective over much of the range shown.

These results are to some degree consistent with our expectation that dry air in the lower tro-

posphere may inhibit deep convection more effectively thanin the upper troposphere. Perhaps

more surprising is that middle-tropospheric drying is equally or more effective than lower-

tropospheric drying even using fixedτq as a basis for comparison. The sameτq corresponds to

smallerFq in the middle troposphere than the lower troposphere.

Fig. 7 shows the relationships betweenFq and τq in both models, for drying imposed in

the different vertical layers. (These relationships are implicit in Figs. 3 and 6 but difficult to

ascertain from inspection of those figures.) Again there areclear differences between the two

models, particularly at smallτq. In the GEOS5 results, and the MIT model results at largeτq,

Fq is approximately inversely proportional toτq. This indicates that the total water vapor in

the layer in which the drying is applied does not vary much; apparently it is tightly controlled

by convection, vertical advection, or the combination of the two. At smallτq, the MIT model

departs significantly from this behavior, indicating a stronger influence of the drying on the

humidity field.

Fig. 8 shows relationships between the precipitation and column-integrated saturation frac-

tion, defined as the ratio of the column-integrated precipitable water to its saturation value, for

both models. This has proven a useful diagnostic in observational (Bretherton et al. 2004) and

modeling studies (Raymond 2007). Points from both the fixed-τq and fixed-Fq calculations are

shown. The difference between the two models is striking, with the MIT model being much

drier (as also seen in Fig. 5), exhibiting a shallower slope,and exhibiting more significant out-
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liers from otherwise compact relationships than does the GEOS5 model. Our experiment design

might perhaps be expected to generate outliers since by forcing the humidity field in different

layers we deliberately attempt to exercise multiple degrees of freedom in the humidity profile,

whereas the column-integrated diagnostic addresses only one.

b. Moist static energy budget

Fig. 9 shows the terms in the vertically-integrated moist static energy budget for both models

as functions ofFq. IncludingFq itself (which is not shown explicitly) the budgets balance in

both models to within a fraction of a W m−2. Focusing first on the calculations with lower

tropospheric drying, we see that the two models arrive at similar precipitation rates with very

different moist static energy budgets. The MIT model has substantially larger latent heat flux

than GEOS5 for allFq. At Fq = 0 this is compensated by somewhat larger radiative cooling

and (vertical) advective export of moist static energy. Thedependence onFq as the latter in-

creases is then strikingly different. In the GEOS5 model, all terms but the vertical advection

remain close to constant while the vertical advection increases (decreasing in absolute value,

representing decreasing export of moist static energy fromthe column) almost linearly, com-

pensating approximately by itself for the imposed horizontal advective dryingFq. Between

Fq = 60 and 70 W m−2, the vertical advective tendency actually becomes positive, indicating a

negative gross moist stability [Neelin and Held 1987]. In the MIT model, forFq < 55 W m−2

the vertical advection stays roughly constant and then decreases (increases in absolute value)

while the surface latent heat flux rises to compensate partlyfor Fq and the vertical advective
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changes, aided somewhat by smaller increases in radiative cooling in sensible heat flux. There-

after the vertical advection increases (decreases in absolute value) and latent heat flux decreases

weakly; past this point the behavior of the terms bears some resemblance to that in the GEOS5

model.

The upper- and middle-tropospheric advection solutions’ MSE budgets resemble those of

the lower-tropoospheric solutions, but extend over smaller ranges ofFq .

Fig. 10 shows the ”gross moist stability ratio” for the GEOS5and MIT models, for the

calculations withFq fixed. The gross moist stability ratio, or normalized gross moist stability

(Raymond et al. 2007) is the vertical advective export of moist static energy from the column

divided by the export of dry static energy,

MR =

∫
ω ∂h

∂p
dp∫

ω ∂s
∂p

dp
, (3)

whereω is h is moist static energy,s is dry static energy, and the integration in pressure,p,

is over the entire depth of the atmosphere. Equation (3) gives a dimensionless number which

is directly relevant to theories for precipitation. It is equivalent to the ratio of the gross moist

stability to gross dry stability, as those are usually defined. In steady state and under standard

approximations, the smaller is the ratioMR, the larger is the precipitation, for fixed input of

moist static energy to the column due to surface fluxes, radiation, and horizontal advection

(e.g., Raymond et al. 2007) .

The large difference between the two models is immediately evident in fig. 10.MR in the

GEOS5 model is much smaller than in the MIT model for allFq, and becomes negative at

largeFq. The difference is largely due to the very different profilesof ω, with the MIT model’s

profile implying (via mass conservation) relatively more inflow near the level of the moist static
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energy minimum, and outflow at higher levels where the moist static energy is larger, so that the

difference in moist static energy between air leaving and entering the column is larger than in

the GEOS5 model (see Neelin 1997 or Sobel 2007 for discussions of the relationship between

ω profiles and the gross moist stability). The more humid atmosphere, and thus shallower

moist static energy minimum in the GEOS5 model also plays a role. The difference in the

gross moist stabilities is consistent with the much larger surface fluxes in the MIT model at

comparable precipitation rate.

IncreasingFq in the lower troposphere decreasesMR in the GEOS5 model but increases

it in the MIT model. Fq in the middle troposphere increasesMR in both models, at least for

small Fq. In both models, a maximum is reached at a modest value ofFq, after which the

ratio decreases again, although in the MIT model the inability to reach a steady solution occurs

shortly after the maximum so that the decrease is only barelyin evidence.

In theories for tropical precipitation, the gross moist stability (and the ratioMR) is often

either constant or simply parameterized as a function of vertically-integrated state variables, and

is generally taken positive (e.g., Neelin and Held 1987; Neelin 1997; Neelin et al. 2003, Neelin

2007; Raymond 2000; Sobel and Gildor 2003; Bretherton and Sobel 2002). These assumptions

are convenient and lead to a range of useful theoretical results, but are questionable. The gross

moist stability is very sensitive to the vertical profile of large-scale vertical velocity, which

depends in a delicate and poorly-constrained way on model physics (Sobel 2007). Back and

Bretherton (2006) use observations to show that the gross moist stability of the time-averaged

divergent flow may be negative in some regions of the tropics,and Frierson (2007) shows how

different convective parameterizations lead to very different gross moist stabilities, and thus

16



different solutions, in a GCM.

Our results in figs. 9 and 10 highlight this point further. In the first place, they show the

strong model-dependence ofMR, consistent with previous work (Frierson, 2007). The results

also show that at least in these models, the gross moist stability is not at all fixed, but can be a

strong function of the external forcing, hereFq. In the GEOS5 model, for example, the gross

moist stability adjusts to imposed drying so that the dryingis approximately compensated by

opposite changes in vertical advection of moist static energy. Further, the results show how the

sameFq — the same net advective forcing of the moist static energy budget in a column integral

— can have quite different effects depending on the level at which the forcing is applied.

5. Conclusions

We have used two single-column models run in weak temperature gradient mode to examine the

sensitivity of parameterized deep convection to imposed advective drying in different vertical

layers. The main findings are as follows.

1. Under the same forcings, the two models reach very different solutions. Even when ad-

justments are made so that the precipitation rates are similar, other aspects of the solutions

remain very different.

2. In both models, drying at midlevels is equally or more effective than drying at lower levels

in suppressing deep convection.
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The fact that the second conclusion holds true in two very different sets of solutions from

two models, and for two different ways of comparing the results of different experiments (fixed

Fq vs. fixedτq) is provocative. It is possible that lower-tropospheric drying is rendered more in-

effective than it should be in both models due to inadequate entrainment of lower-tropospheric

air in the parameterized convection, as has been argued is generically the case for a wide range

of existing convective parameterizations (e.g. Derbyshire et al. 2004; Kuang and Bretherton

2007). Other flaws in the parameterizations, such as incorrect response to buoyancy perturba-

tions, could also influence the results. It would be desirable to carry out similar experiments

with cloud-resolving models.

That differences occur in the model solutions between the two models may not be surpris-

ing, but the magnitudes of the differences are large compared with those found between differ-

ent models in more constrained simulations. The WTG framework, with its feedbacks between

parameterized dynamics and physics may allow more dramaticdifferences between models to

emerge than do so in radiative-convective equilibrium, or in simulations with imposed vertical

advective tendencies [Ghan and coauthors 2000, Bechtold etal. 2000, Xie and coauthors 2002,

Randall et al. 2003].
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Appendix

The key parameters we change in the MIT model areσD, the fractional area of convective

downdrafts;σs, the fraction of the rain shaft falling through the environment; andα, which is

the rate at which the convective mass flux is relaxed towards its equilibrium value. The control

MIT model hasα = 0.02, σD = 0.05, σs = 0.12. The modified model hasα = 0.2, σD = 0.02,

σs = 0.06.
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Figure 1: Radiative-convective equilibrium temperature profiles from the GEOS5 model, the

MIT model, and the difference, GEOS5 minus MIT.
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Figure 3: Equilibrium precipitation as a function of the humidity export in the upper, middle,

and lower free troposphere for simulations with a constant flux F q (curves) and constant drying

time scaleτq (open symbols) in both models.
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Figure 4: Equilibrium pressure vertical velocity,ω (Pa s−1) as a function of the humidity export

in the upper, middle, and lower free troposphere for simulations with a constant fluxFq in both

models.
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Figure 5: Equilibrium relative humidity (%) as a function ofthe humidity export in the upper,

middle, and lower free troposphere for simulations with a constant fluxFq in both models.
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Figure 6: Precipitation as a function of the humidity exportin the upper, middle, and lower free

troposphere for simulations with a constant relaxation timeτq in both models.
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Figure 7: Humidity fluxF q vs. drying time scaleτq for simulations with a constant fluxF q

(curves) and constant drying time scaleτq (open symbols) in both models.
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Figure 8: Precipitation as a function of the column-integrated saturation fraction.
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Figure 9: Terms in the column-integrated moist static energy budget as a function of the hu-

midity export in the upper, middle, and lower free troposphere for simulations with a constant

flux Fq in both models. Solid curves are the surface latent heat flux,dashed are the surface

sensible heat flux, dash-dotted are vertically-integratedradiative heating and thick lines are

vertically-integrated vertical advection.
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Figure 10: Gross moist stability ratio in the GEOS5 model (left) and the MIT model (right)

as a function of imposed dryingFq, when drying is imposed in the lower, middle, and upper

troposphere.
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