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ABSTRACT

This paper examines the influence of imposed drying, inténderepresent
horizontal advection of dry air, on parameterized deep ectiwn interacting with
large-scale dynamics in a single column model frameworko $mgle column
models, one based on the NASA GEOS5 general circulation haoakethe other
developed by Bony and Emanuel, are run in weak temperatadeagnt mode. Dry-
ing is imposed by relaxation of the specific humidity field svds zero within a
specified vertical layer. The strength of the drying is colted either by specify-
ing the relaxation time scale or the vertically-integratiegding tendency; results
are insensitive to which specification is used.

The two models reach very different solutions for the samendary condi-
tions and model configuration. Even when adjustments todh@dary conditions
and model parameters are made to render the precipitates sanilar, large dif-
ferences in the profiles of relative humidity and large-saadrtical velocity per-
sist. In both models, however, drying in the middle tropasphis more effec-
tive, per kg nt2 s~! (or W m~2) of imposed drying, in suppressing precipitation
than is drying in the lower troposphere. Even when compared|aal relaxation
time (corresponding to weaker net drying in the middle thamelr troposphere)
middle-tropospheric drying is comparably effective to &viropospheric drying.
Upper-tropospheric drying has a relatively small effectpsacipitation, though
large drying in the upper troposphere cannot be imposectadygtstate due to the

lack of moisture there. Consistently with the other modé#edences, the gross



moist stabilities of the two models are quite different, aady somewhat differ-
ently as a function of imposed drying, but in both models thasg moist stability
increases as the drying is increased when it is less thama@r®@ W m 2 and

located in the middle troposphere. For lower-troposphemnying the gross moist
stability either decreases with increased drying or iresanore slowly than for

middle-tropospheric drying.



1. Introduction

The occurrence and intensity of deep convection are semsdithe environmental profile of
free tropospheric humidity (e.g., Parsons et al. 1994; Yam& and Fujitani 1995; Mapes
and Zuidema 1996; Derbyshire et al. 2004) . It is becomingelyidecognized that a correct
representation of this sensitivity is important for coree parameterization schemes in nu-
merical models. There is evidence that inadequate sesiiivenvironmental humidity is at
least partly responsible for a range of biases in climateetsothoth in the climatological mean
(e.g., Biasutti et al. 2006; Bretherton 2007) and transrantbility, such as the Madden-Julian
oscillation (e.g., Tokioka et al. 1988; Lin et al. 2006).

The humidity-convection interaction is manifest in obsehstatistical relationships be-
tween precipitation and column-averaged saturation deficother measures of the relative
humidity profile (e.g., Sherwood 1999; Sherwood and Wahrli®99; Raymond et al. 2003,
Bretherton et al. 2004; Peters and Neelin 2006; Cetrone ana#12006). These correlations
represent both the influence of environmental humidity anveotion and the influence of con-
vection on environmental humidity. Humidity influences eection through entrainment of
environmental air into updrafts and the evaporation of emsdte. Humidity influences convec-
tion by direct fueling, as Atmospheric Boundary Layer (ABiYmidity controls the buoyancy
of updrafts, and by the entrainment of free-troposphendrenmental air into updrafts. Con-
vection influences humidity by consuming ABL humidity, nteising the upper troposphere by
detrainment of water vapor and condensate that is susteptilevaporation, and by inducing
large-scale ascent and moisture convergence. It is difficudisentangle these different pro-

cesses in observations, but useful information comes fowkihg at the different relationships



between convection and humidity as observed at differemicet|evels.

Because convective mass fluxes originate near the surfacexpect that environmental
humidity at low levels — the boundary layer and the lower jportof the free troposphere
— will act as an important control on deep convection. On ttieeohand, we expect that
environmental humidity in the upper troposphere is largelyy-product of convection (or its
absence) because convective updrafts reach their ends upfer troposphere. By the time
parcels reach that point, the convection is already deepebyition, so it is too late for en-
trainment of dry air to prevent deep convection from devielgpand most of the precipitation
which is likely to form from those parcels has already done Both the deep convective
moistening and the radiatively-induced drying at the tophef troposphere are rapid, so that
upper-level humidity is bimodal, reflecting either the enese or absence of convection (Brown
and Zhang 1997; Zhang et al. 2003). The bimodality become&evet lower levels to which
shallow or midlevel convection, which is more frequent tkigep convection, is able to pene-
trate. Observational studies using time-lagged stasistieanfer causality support the intuitive
picture of lower-tropospheric humidity influencing contien while upper-tropospheric hu-
midity more passively responds to convection [Sherwoo®189erwood and Wahrlich 1999,
Straub and Kiladis 2002, Straub and Kiladis 2003, Sobel.€1G04].

In the middle of the troposphere, there must be a transitiowhich environmental hu-
midity goes from having a significant causal influence on egtion to being more passively
determined by convection, but we do not know the nature afttlansition. At what level does
it occur, and how rapidly? Is it similar for all deep conveetevents or does it differ depend-

ing on environmental conditions or the structure of the eative system? To what extent can



environmental humidity be both a cause and effect of deepemtion simultaneously?

These questions motivate this study. We perform a set ofilzdlons using single column
models with parameterized convection. Drying tendencresimposed in different vertical
layers, and the response of the model precipitation anteckfeelds is examined as a function
of the strength of the drying and the altitude at which it iplagad. This strategy allows us
to influence the humidity at selected levels without enjirdisabling any feedback between
moisture and convection (as would occur, for example, if warento simply prescribe the
humidity profile and keep it fixed). The use of parameterizedvection prohibits us from
making strong statements about the extent to which thetseslilus about nature, but we view
the results as posing hypotheses worthy of further coreiger. The fact that some aspects of
the sensitivity to imposed drying are similar in the two misdiespite large differences in other

aspects of the solutions lends support to this view.

2. Modeds

a. GEOS5

This model, derived directly from the NASA GEOSS5 generatuaiation model, is simi-

lar to that described in Sobel et al. (2007) except for the emnical scheme used within
the convective parameterization for the vertical advecty compensating subsidence. In
Sobel et al. (2007), a first-order upwind scheme was impléedenvhile here we use a

centered scheme, which ensures a better conservation whoahtegrated moist-static en-



ergy. The GEOSS5 includes a Relaxed Arakawa-Schubert péeamation of convection
[Moorthi and Suarez 1992] and the radiation scheme of ChauSararez (1999) . Detailed
documentation describing the GEOS5 GCM and its physicarpaterizations 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 developeddhd parameterization used
in the model. The model uses the convection scheme of Emét@@il) as further developed
by Emanuel and Zivkovic-Rothman 1999. The radiation patanmations are due to Fouquart
and Bonnel (1980) and Morcrette (1991). Further descmiptibthe model can be found in
Bony et al. (2008). The model is run in pressure coordinaids 46 vertical levels, a vertical

resolution of 25 hPa in the troposphere.

3. Experimental design

The model is run in "weak temperature gradient” (WTG) modejraSobel and Bretherton
(2000) and Chiang and Sobel (2002) (both of which used tHeegersion of the MIT single-
column model, that developed by Renno et al. 1994a,b). Aengisdly similar, but not identical
method was used in the cloud-resolving model studies of Raghand Zeng (2005) and Ray-
mond (2007). Briefly, in the free troposphere temperaturdeacy due to vertical advection of

potential temperature is assumed to exactly balance théiatedtic tendency due to convection



and radiation. The total temperature tendency is thus asdiwobe zero, and the free tropo-
spheric temperature does not change throughout the maegration. The vertical velocity
(w, in pressure coordinates) is diagnosed interactively aisdbnsistent with the cancellation
of adiabatic cooling (heating) and diabatic heating (capli The resulting vertical velocity
is used to compute the vertical advection of moisture, thaisrdhining the implicit moisture
convergence. In the boundary layer, chosen somewhataihitto be the layer between the
surface and 850 hPa, the original prognostic temperaturatea is solved, and the vertical
velocity is computed by linear interpolation between thedset free tropospheric level and the
surface, where» = 0 is assumed.

With each model, we first produce a temperature sounding bgimg the model in its
standard mode (not WTG), with = 0 imposed at all levels, to radiative-convective equilibmiu
over a sea surface temperature of 301K. Surface wind spsetitis7 m s! and solar insolation
is set to 400 W m? with a constant solar zenith angle of zero, thus no diurnalecy The
resulting RCE temperature profiles are shown in Fig. 1. Tfierdnce between the two profiles
is largest in the lower to middle troposphere, where the GEM@8del approachesSR warmer
than the MIT model at some levels. The GEOS5 model is warmaar the MIT model by
0.5-K in the upper troposphere, and slightly cooler near theaserf

The RCE temperature and humidity sounding from each modeled as input to the same
model in WTG mode. The humidity profile serves as an initialdibon; as the model runs
the humidity varies freely. The same is true of the tempeeatield below 850 hPa. Above
850 hPa, the temperature profile remains constant, and $® isame throughout each run

of each model (though the two models use different temperairofiles, each taken from its



respective RCE state). SST is then varied from one calomati the next to produce drier or
rainier model solutions. Sobel et al. (2007) showed thaafoange of boundary conditions
(essentially as long as SST is large enough that deep camwestpossible for a given free
tropospheric temperature profile), the GEOS model in thidigaration has two equilibria,
one in which deep convection occurs and one in which it doé¢s iee MIT model has the
same behavior (not shown). Here, we focus on the influenampdsed drying on convection
and therefore consider only the precipitating equilibriuim both models, precipitation is an
increasing function of SST, but the functions are quiteedéht in the two models, as shown
in Fig. 2. The MIT model, when run with the same parametersl tsgenerate the RCE, is
quite dry, both by comparison to the GEOS5 model and in theesémat it does not reach a
precipitation rate equal to that in the RCE state (about 5 rmyn'd until the SST is significantly
(~ 1.7°K) higher than that for which the RCE was obtained. This be&ragshown by the curve
labeled "control MIT” in the figure, is quite different thahat found by Sobel and Bretherton
(2000) in the Renno et al. (1994a,b) model, but is somewlmaersimilar to that found by
Raymond and Zeng (2005) in their cloud-resolving model. GiEOS5 model’s behavior is
strongly in the opposite sense, with the precipitation aS&T of 302K being much larger
than the RCE precipitation obtained at that SST.

Our interest here is on the influence of imposed drying inedét vertical layers. To
compare this influence in the two models, it is desirable aot stith similar model solutions.
We wish those solutions to be fairly strongly precipitatiag we will apply an imposed drying
of varying strength and evaluate the reduction in predipitewhich occurs; a rainier solution

for zero drying allows a larger dynamic range in the imposgthd. We choose values around



25 mm d~t. In judging the relevance of these solutions to the real aphere, these rain rates
should not be compared to observed climatological or eventifypmean rain rates, as these
typically include periods of no rain, whereas our soluti@ane steady. It is probably better
to view our solutions as representative of shorter perigsis.a daily rain rate, for example,

25 mm d~! is not particularly extreme.

To obtain such a rainy solution in the GEOS5 model, we in@e¢has SST to 30X, one
degree warmer than that used to obtain the RCE. In order toroptecipitation similar to that
of the GEOS5 model in the calculation with no imposed drying,increase the SST in the
MIT model relative to that used in GEOS5 by &7 to 302.7K, and also change the values
of three parameters in the convection scheme (see Appentihg resulting model, denoted
"Modified MIT model” in Fig. 1, is used in all calculations de#ed below.

The parameter changes in the modified MIT model render iewdfit from that used to
produce the RCE sounding. This compromise is made so thabwetchave to make the SST
difference between the two models considerably largdnstirder to get similar precipitation
rates. Sensitivity tests show that the results from the MbOet are not qualitatively dependent
on the changed model parameters.

Drying is imposed by a relaxation of the model’s specific hditgifield towards zero in
a given layer, whose boundaries in pressurepar@ndp,. This can be thought of as a crude
representation of horizontal advection of dry air, where tblaxation time scale is a length
scale associated with horizontal moisture gradients dovidy a typical horizontal velocity.
Here we impose the strength of the humidity removal eithesgmcifying its total integralf,

(in kg m2 s~* or W m~2) or by specifying the relaxation time scalg, Thus the imposed



horizontal advective dryind);q(p, t)|haav, IS

(p,t

for p1 <p<po (1)

P2
with T, = Fq_I/ Lq@, (2)
p g

1

q
8tQ(pa t)|hadv = -
q

andL the latent heat of vaporization apdhe acceleration of gravity, with,, given in W nt2,
Either F;, or 7, can be specified, but not both, since they are related thrthegimodel solution
for ¢ which is not knowra priori.

A result of our calculations shown below is that in each moted functional relationship
betweenF;, and T, is almost exactly the same regardless of which one of therpasifsed
(see Fig. 7). Itis not entirely obvious that this need be theec— feedbacks involving the
field could conceivably change the relationship when theehfmfmulation is changed via the
imposition of F, instead ofr, or vice versa — but the fact that it is simplifies the preseomat
and interpretation of the results. Most results are preskeonly in terms off},, and where not
stated otherwise the results shown are for the calculafmmshich F, is fixed (though again
the results are essentially the same for the fixgdesults, as long as they are compared at
constantr,).

A valid quasi-steady model solution can be obtained for atipesand sufficiently large
7,- At a bare minimunr, must be greater than the model time step; in practice thetafée
minimum we find is usually greater than that. In physical ®rfar 7, below the minimum, the
drying removes moisture faster than the other processessaped in the model can resupply
it. This means that for any given model, set of boundary domas, and choice gf; andp,,
there is a threshold value &f, such that steady solutions cannot be obtainedfdarger than
that threshold. We will show below that the threshold valeH;, is quite variable depending

10



on which model we choose and the values;fpandp,, but tends to be on the order of tens of
W m~2, smaller values op, andp, (drying at higher levels) and smaller in the MIT than the
GEOSS5 model.

We perform three sets of experiments with each model, wigoeof humidity from the
upper free tropospherg,(= 150 hPap, = 375 hPa), middle free troposphejg & 375 hPa,
p2 = 600 hPa), and lower free troposphepe £ 600 hPap, = 825 hPa).

The GEOS5 model is run for 6 months, with all plotted quaetishown as averages over
the last month. The MIT model is run for 300 days, and plotteaiities are averages over the
last 100 days. Both models undergo small to moderate-amdglibscillations in some cases. In
the GEOS5 model the period of these oscillations does nateek8-4 days. It can be of order

10 days in the MIT model, motivating the longer averagingetimthat model.

4. Results

a. Precipitation, humidity, and vertical velocity

Fig. 3 shows the precipitation in both models as a functiott,of Results are shown for the
calculations with fixedF;, as well as with fixedr,, demonstrating that there is little difference
in the results as long as they are compared at ekjudResults are shown for the valuesiofat
which statistically steady solutions were obtained. InNH& model in particular, we see that
the threshold past which solutions cannot be obtained saurelatively smalF;, for export

in the middle and especially upper troposphere. Precipitaénds to decrease with), though
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this is not true everywhere and there are large ranges whem@ependence of precipitation on
F, is very weak. Perhaps most significant is the result that th bwdels, dry air injection in
the middle troposphere is more effective, per W?mat suppressing precipitation than is dry
air injection in the lower troposphere. The response ofilterhodels to dry air injection in the
upper troposphere is very different: in the MIT model thecjpiation is reduced drastically
by the injection of dry air, leading to the suppression ofvamtion for smallF}; in the GEOS5
model, the precipitation is insensitive to the export of ity from the upper troposphere.

Figs. 4 and 5 show the pressure vertical velocity 4nd relative humidity as functions of
pressure andi;,. We see dramatic differencesudnbetween the two models. The GEOS5 model
w tends to exceed that from the MIT model by close to an orderagmitude, and has strong
ascent in the upper-mid troposphere, around the 400-50(algBa with strong descent below,
while the MIT model has ascent throughout the troposphehes i a large difference.

The relative humidity field shows large differences as wehe MIT model is much drier
throughout the troposphere than is the GEOS5 model, exigiparound the tropopause where
the former approaches saturation.

Fig. 6 shows precipitation in both models as a function,pfvith the latter on a logarithmic
scale. In both models, drying in the upper troposphere aively ineffective at suppressing
precipitation when compared in this way to middle- and letvepospheric drying. For values
of 7, less than 10-20 days, dry air injection in the middle and lotneposphere is more effec-
tive. In the MIT model, lower tropospheric drying is moreegffive for largerr,, but middle
tropospheric drying becomes approximately equally effecroundr, = 5 days and below. In

the GEOS5 model, lower and middle tropospheric drying hawdar effects down to 5 days,
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the smallest value for which a precipitating, quasi-stesidye can be reached, with middle
tropospheric drying being slightly more effective over mwd the range shown.

These results are to some degree consistent with our exipedtaat dry air in the lower tro-
posphere may inhibit deep convection more effectively tihahe upper troposphere. Perhaps
more surprising is that middle-tropospheric drying is dlyuar more effective than lower-
tropospheric drying even using fixeglas a basis for comparison. The sameorresponds to
smallerF;, in the middle troposphere than the lower troposphere.

Fig. 7 shows the relationships betwegpand 7, in both models, for drying imposed in
the different vertical layers. (These relationships arpliait in Figs. 3 and 6 but difficult to
ascertain from inspection of those figures.) Again therechrar differences between the two
models, particularly at smat},. In the GEOSS5 results, and the MIT model results at latge
F, is approximately inversely proportional tg. This indicates that the total water vapor in
the layer in which the drying is applied does not vary muclpaapntly it is tightly controlled
by convection, vertical advection, or the combination & two. At smallr,, the MIT model
departs significantly from this behavior, indicating a sgger influence of the drying on the
humidity field.

Fig. 8 shows relationships between the precipitation ahgheoe-integrated saturation frac-
tion, defined as the ratio of the column-integrated preaijdé water to its saturation value, for
both models. This has proven a useful diagnostic in obsenadt(Bretherton et al. 2004) and
modeling studies (Raymond 2007). Points from both the fixeaid fixed#, calculations are
shown. The difference between the two models is strikingi wie MIT model being much

drier (as also seen in Fig. 5), exhibiting a shallower sl@pel, exhibiting more significant out-
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liers from otherwise compact relationships than does th@&&model. Our experiment design
might perhaps be expected to generate outliers since binfptice humidity field in different
layers we deliberately attempt to exercise multiple degoddreedom in the humidity profile,

whereas the column-integrated diagnostic addresses ogly o

b. Moist static energy budget

Fig. 9 shows the terms in the vertically-integrated moiatistenergy budget for both models
as functions ofF},. Including F;, itself (which is not shown explicitly) the budgets balanne i
both models to within a fraction of a W ™. Focusing first on the calculations with lower
tropospheric drying, we see that the two models arrive ailairprecipitation rates with very
different moist static energy budgets. The MIT model hastaurttially larger latent heat flux
than GEOSS for alF,,. At F, = 0 this is compensated by somewhat larger radiative cooling
and (vertical) advective export of moist static energy. Tlependence o#j, as the latter in-
creases is then strikingly different. In the GEOS5 modéltesims but the vertical advection
remain close to constant while the vertical advection iases (decreasing in absolute value,
representing decreasing export of moist static energy ttercolumn) almost linearly, com-
pensating approximately by itself for the imposed horiabmidvective dryingF,. Between

F, =60 and 70 W m?, the vertical advective tendency actually becomes pasitidicating a
negative gross moist stability [Neelin and Held 1987]. la MIT model, forF, < 55 W n 2

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

while the surface latent heat flux rises to compensate pfantly, and the vertical advective
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changes, aided somewhat by smaller increases in radiatlmg in sensible heat flux. There-
after the vertical advection increases (decreases inatiesalue) and latent heat flux decreases
weakly; past this point the behavior of the terms bears s@s@mblance to that in the GEOS5
model.

The upper- and middle-tropospheric advection solutionSBEvbudgets resemble those of
the lower-tropoospheric solutions, but extend over smeadieges off, .

Fig. 10 shows the "gross moist stability ratio” for the GEOC&% MIT models, for the
calculations withF;, fixed. The gross moist stability ratio, or normalized grosssnstability
(Raymond et al. 2007) is the vertical advective export ofstsiatic energy from the column

divided by the export of dry static energy,

_ Jwdp

My = "2
" fwg—;dp

®3)

wherew is h is moist static energy is dry static energy, and the integration in presspre,
is over the entire depth of the atmosphere. Equation (3sgvdimensionless number which
is directly relevant to theories for precipitation. It isudeplent to the ratio of the gross moist
stability to gross dry stability, as those are usually define steady state and under standard
approximations, the smaller is the ratldy, the larger is the precipitation, for fixed input of
moist static energy to the column due to surface fluxes, tiadiaand horizontal advection
(e.g., Raymond et al. 2007) .

The large difference between the two models is immediatajeat in fig. 10. My in the
GEOSS5 model is much smaller than in the MIT model for &J| and becomes negative at
large F;,. The difference is largely due to the very different profiéss, with the MIT model’s
profile implying (via mass conservation) relatively moréow near the level of the moist static

15



energy minimum, and outflow at higher levels where the measicsenergy is larger, so that the
difference in moist static energy between air leaving artérarg the column is larger than in
the GEOS5 model (see Neelin 1997 or Sobel 2007 for discussibtie relationship between
w profiles and the gross moist stability). The more humid aphese, and thus shallower
moist static energy minimum in the GEOS5 model also playsle rdhe difference in the

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

comparable precipitation rate.

IncreasingF;, in the lower troposphere decreases; in the GEOS5 model but increases
it in the MIT model. £ in the middle troposphere increasks; in both models, at least for
small F,. In both models, a maximum is reached at a modest valug, o&fter which the
ratio decreases again, although in the MIT model the irtgidireach a steady solution occurs
shortly after the maximum so that the decrease is only bamnedyidence.

In theories for tropical precipitation, the gross moistbdtty (and the ratioMy) is often
either constant or simply parameterized as a function aioadly-integrated state variables, and
is generally taken positive (e.g., Neelin and Held 1987;liMel©®97; Neelin et al. 2003, Neelin
2007; Raymond 2000; Sobel and Gildor 2003; Bretherton ahel202). These assumptions
are convenient and lead to a range of useful theoreticaltsebut are questionable. The gross
moist stability is very sensitive to the vertical profile @frde-scale vertical velocity, which
depends in a delicate and poorly-constrained way on modaigd (Sobel 2007). Back and
Bretherton (2006) use observations to show that the grosst stability of the time-averaged
divergent flow may be negative in some regions of the tropind,Frierson (2007) shows how

different convective parameterizations lead to very défe gross moist stabilities, and thus
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different solutions, in a GCM.

Our results in figs. 9 and 10 highlight this point further. heftfirst place, they show the
strong model-dependence bfz, consistent with previous work (Frierson, 2007). The rssul
also show that at least in these models, the gross moististébnot at all fixed, but can be a
strong function of the external forcing, hefg. In the GEOS5 model, for example, the gross
moist stability adjusts to imposed drying so that the dryi;igpproximately compensated by
opposite changes in vertical advection of moist staticggndfurther, the results show how the
samef, — the same net advective forcing of the moist static energlgbtin a column integral

— can have quite different effects depending on the levelratkwthe forcing is applied.

5. Conclusions

We have used two single-column models run in weak tempergtadient mode to examine the
sensitivity of parameterized deep convection to impose@etd/e drying in different vertical

layers. The main findings are as follows.

1. Under the same forcings, the two models reach very diffeselutions. Even when ad-
justments are made so that the precipitation rates aressjmather aspects of the solutions

remain very different.

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

in suppressing deep convection.
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The fact that the second conclusion holds true in two verfeiht sets of solutions from
two models, and for two different ways of comparing the ressof different experiments (fixed
F, vs. fixedr,) is provocative. Itis possible that lower-tropospherigidg is rendered more in-
effective than it should be in both models due to inadequati@ement of lower-tropospheric
air in the parameterized convection, as has been arguedésigally the case for a wide range
of existing convective parameterizations (e.g. Derbyshkiral. 2004; Kuang and Bretherton
2007). Other flaws in the parameterizations, such as incioresponse to buoyancy perturba-
tions, could also influence the results. It would be desg&rablcarry out similar experiments
with cloud-resolving models.

That differences occur in the model solutions between tleerhedels may not be surpris-
ing, but the magnitudes of the differences are large condpaith those found between differ-
ent models in more constrained simulations. The WTG franmkewaith its feedbacks between
parameterized dynamics and physics may allow more dram#fiicences between models to
emerge than do so in radiative-convective equilibriumnasimulations with imposed vertical
advective tendencies [Ghan and coauthors 2000, Bechtald 2000, Xie and coauthors 2002,

Randall et al. 2003].
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Appendix

The key parameters we change in the MIT model @re the fractional area of convective
downdrafts;o,, the fraction of the rain shaft falling through the enviragmty and«, which is
the rate at which the convective mass flux is relaxed towasdsgjuilibrium value. The control
MIT model hasy = 0.02, op = 0.05, o, = 0.12. The modified model has = 0.2, op = 0.02,

os = 0.06.
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MIT model, and the difference, GEOS5 minus MIT.
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midity export in the upper, middle, and lower free tropogelfer simulations with a constant
flux F, in both models. Solid curves are the surface latent heat laghed are the surface
sensible heat flux, dash-dotted are vertically-integrasefiative heating and thick lines are
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Figure 10: Gross moist stability ratio in the GEOS5 modéi)lend the MIT model (right)

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