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A cloud resolving model (CRM) is used to investigate the low-cloud increageto a 2 K SST increase in the SP-CAM super-
parameterized climate model. Of particular interest is the sensitivity of atbadges to the CRM resolution (4 km horizontal,
30 vertical levels) in SP-CAM. The CRM is run in column-modeling framewasing SP-CAM composite cloud regimes. The
experiments are run to steady state using composite advective tendernetss and sea-surface temperature from the control and
+2 K climates of SP-CAM. A new weak temperature gradient algorithmdeasen idealized form of gravity wave adjustment is
used to adjust vertical motion in the column to keep the simulated virtual tetopeprofile consistent with the corresponding SP-
CAM composite profile. Humidity is also slowly relaxed toward the SP-CAM posite above the boundary layer. With SP-CAM
grid resolution, the CRM shows +2 K low cloud increases similar to SP-CAlith e grid resolution, the CRM-simulated low
cloud fraction and its increase in a warmer climate are much smaller. Héveceegative low cloud feedbacks in SP-CAM may be
exaggerated by under-resolution of trade cumulus boundary layers.

1. Introduction In this paper, we use the System for Atmospheric
Modeling CRM (SAM, Khairoutdinov and Randall,
Cloud resolving models (CRMs) can directly simulate 2003) in a column-modeling framework as a simpler
turbulent cloud processes by using much finer spatial rescontext in which to simulate these cloud changes and
olution than general circulation models (GCMs), but aretheir relationship to CRM resolution. This CRM is iden-
typically run for shorter periods with much smaller do- tical to the one used in SP-CAM. We will deliberately use
mains due their heavy computational requirements. Onghe term ‘column modeling’ rather than ‘single-column
approach to representing clouds in climate models is sumodeling’, because as in SP-CAM, we run a CRM with
perparameterization, in which a CRM is embedded inprescribed large-scale advective forcings (but multiple
each grid column of a conventional GCM. internal grid columns) in place of a conventional GCM

A companion paper (Wyant et al. 2009, hereaftersingle-column model. This column modeling framework
W09) explored the substantial low cloud increase overS Similar in some respects to an idealized approach pro-
low-latitude oceans (LLO) simulated by a superparam-P0sed by Bony et al. (2004).
eterized climate model (SP-CAM, Khairoutdinov and  Our framework is also related but not identical to
Randall, 2001) in a climate change experiment in whichthose used in recent studies by Zhang and Bretherton
the SST is uniformly raised by 2K. The model output (2008) and Caldwell and Bretherton (2008, hereafter
for the control and +2K climate were sorted into cloud CB08). Two key assumptions that we share with these
regimes using lower-tropospheric stability (LTS). The re-two studies are: (a) in low latitudes, gravity waves ad-
sulting analysis suggests that increased clear-sky radigust the temperature profile in each tropospheric column
tive cooling in the moist boundary layer over the subtrop-towards a roughly moist-adiabatic profile that is con-
ical oceans is responsible for the large low cloud increasé¢rolled remotely by deep convection over the warmest
as the surface temperature is warmed. oceans, and (b) in the synoptically quiescent subtropi-
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2 Blossey et al.

cal trades, the boundary layer cloud response to climat&subsidence lapse-rate’ feedback, in which the inversion
change is mainly due to changes in the mean state, rathstrengthens (suppressing dry air entrainment and low-
than in the transient variability. Like these studies, ourering cloud base) and mean subsidence weakens in the
column methodology is applicable to GCMs other thanwarmer climate (so the cloud top can nevertheless rise).
SP-CAM. We refine their methodology to more quanti- The net result is an increase in cloud thickness. Their re-
tatively match the climatology and +2K cloud responsesult applies only to the small fraction of the subtropical
of the studied GCM in boundary-layer cloud regimes de-oceans usually covered by stratocumulus-capped mixed
fined using specified percentile ranges of LTS. We therayers. This is a regime poorly simulated in SP-CAM
test how this cloud response changes with CRM hori-due to inadequate CRM resolution.

zontal and vertical resolution. This allows us to predict  Our general approach in this paper is to use W09's
what CRM resolution would be required in a superpa-LTS-composites of the SP-CAM control and +2K ex-
rameterized GCM in order to reliably infer the responseperiments to provide initial conditions and forcings for
of low-latitude boundary layer clouds to a climate per- column-model experiments. We compare steady-state
turbation, which in turn is a central contributor to global CRM fields for the two cases to test if the control cloud
cloud feedbacks on climate change. cover and the +2K response are similar to the SP-CAM

Zhang and Bretherton (2008) examined the +2K re-composited response. If so, the column analogue may
sponse of subtropical stratocumulus in a single-columrprovide a useful guide to tropics-wide boundary layer
version of a conventional GCM, the CAM. CB08 an- cloud feedbacks to climate change.
alyzed the climate change response of a mixed-layer The outline of this paper is as follows: In sect. 2 we
model of the stratocumulus-capped boundary layer. Botlilescribe our CRM column analogue, and in sect. 3, we
studies adjusted the free-tropospheric temperature tcshow that it can approximately simulate the mean cloud
ward a moist adiabat related to warm-ocean SST (withand +2K cloud response of SP-CAM composited over an
significant methodological differences), assumed a conk TS percentile range that corresponds to a cloud regime
stant free-tropospheric relative humidity, and let the col transitional between stratocumulus and shallow cumulus.
umn model drive the boundary-layer turbulent mixing In sect. 4, we use this column analogue to explore the
and cloud. Both models made strong simplifying as-sensitivity of the boundary-layer cloud response to the
sumptions about horizontal advection and they computedise of a much finer CRM grid resolution than currently
mean vertical velocity in the column based on a heat budused in SP-CAM. Sections 5 and 6 explore the sensitiv-
get. That is, mean subsidence in each column adjustidy of the column analogue to the inclusion/exclusion of
to keep the temperature roughly anchored to the sama diurnal cycle of insolation and to changes in the formu-
moist adiabat. CB08 used a more sophisticated represefation of the column modeling approach. A discussion
tation of these feedbacks than did Zhang and Brethertoand our conclusions are presented in sect. 7.

(2008).

Each of these studies, like SP-CAM, predicted a
boundary-layer cloud albedo increase (negative cloud’
feedback) in the warmer climate. However, the phys-The analysis of SP-CAM in W09 suggests the low
ical mechanisms were quite different, both from eachcloud increases are quite pervasive across the subtropical
other and from the radiatively-driven mechanism for low oceans. Hence, we could pick some individual LLO grid
cloud increase described in W09 that appears to opeolumn for this test, compute mean forcings for this col-
erate in SP-CAM. Zhang and Bretherton (2008) foundumn, and run our column model with these forcings. To
that a complex and somewhat unphysical interaction bemore convincingly connect the results to average trends
tween many moist physical parameterizations produces across the entire LLO, we instead apply this approach to
+2K boundary-layer cloud albedo increase in the single-a composite over all LLO grid column-months in a par-
column version of CAM in a stratocumulus-like cloud ticular climate regime.
regime. This increase is also seen in global CAM sim-  Following W09, we use deciles of LTS to define our
ulations, suggesting that the +2K cloud response in thelimate regimes. The geographic location of SP-CAM
global simulations may be artificial. However, both the grid columns in the three deciles of highest LTS are
mean state and +2K change in the boundary-layer cloudshown in Fig. 1. For each decile, columns are shaded
were rather different between their single-column modelbased on the number of months in which their LTS lies
and the global CAM simulations of the correspondingin that decile. The term LTS70-80 will refer to the decile
subtropical cloud regime. Meanwhile, CB08 found thatconsisting of the 70-80th percentiles of LTS, ordered
stratocumulus clouds thicken in a +2K climate due tofrom lowest to highest, and similarly for other deciles.

SP-CAM column analogue — description
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Figure 1: Geographic location of SP-CAM grid columns witkdp three LTS bins: 70th-80th, 80th-90th and 90th-
100th percentiles. Colors indicate number of months in amTS bin per year.
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The LTS70-80 locations lie mainly in the trade cumulus ~ We run the CRM to steady state with the composite

belts to the north and south of the equator. The greatorcings for the control climate (CTRL) and repeat for

majority of the LTS90-100 locations sit off the western the +2K climate. Let C be a key summary cloud statis-

coasts of continents in the subtropics, in areas where straic (e. g. low cloud cover or shortwave cloud forcing,

tocumulus decks are commonly observed. The LTS80SWCF), with value gy, in the control-forced CRM

90 locations lie mainly in the climatological transitions and value G, in the control GCM composite. Let

between stratocumulus and trade cumulus clouds. the difference in C between the two CRM simulations be
For our column modeling, we focus primarily on the ACcry = CEHy- Corm. If Corae is comparable to

80-90 percentile of LTS (hereafter LTS80-90) analyzedCccn andACcry is comparable taACg oy then the

in W09, which has strong +2K low cloud increases, min-column analogue has skill and further analysis of its low

imal cirrus, and no coastal fog. Results are also con¢loud sensitivity of the single column model to the +2K

sidered for the 70th-80th percentile of LTS (LTS70-80) forcing change is warranted. Otherwise, the time averag-

to explore the performance of the column analogue tdng and LTS-compositing has removed essential ingredi-

changes in forcing. As discussed in W09, the SP-CAMents of the +2K low cloud changes.

simulated a lot of spurious fog in the LTS90-100 regime,

and an accurate large-eddy simulation (LES) of the strag 1. CRM configuration and boundary con-

tocumulus typical of the LTS90-100 regime typically ditions

requires very high vertical resolution of 10 m or less

(Stevens et al. 2005). Because of this, we defer columnWe configure the SAM CRM to use the same algo-

modeling of the LTS90-100 regime to a future paper inrithms as in SP-CAM for microphysics, radiation, sur-

which these issues can be better addressed. face fluxes. The sea surface temperature (SST) is taken

Journal of Advances in Modeling Earth Systems
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Figure 2: Wind profiles used to force the CRM. u (E-W, thickilan(N-S, thin) wind profiles (ms!) for the control
(black) and +2K SST (red) cases are derived from the LTS80e®0posite wind speed profile and the RICO wind
direction profile. SP-CAM vertical grid levels are showniwihe ‘X’ symbols.

from the SP-CAM LTS composite, and the diurnal cy- length of 51.2 km. The vertical grid is stretched start-
cle of insolation is specified so that the mean insolationing at approximately 3.5 km, antlz reaches 1 km at the
matches that of the SP-CAM LTS composite. Note thatdomain top. These grid spacings were chosen to bracket
the LTS80-90 and LTS70-80 runs use°RRand 18N those used in Siebesma et al. (2003)’s intercomparison of
latitude, respectively, for the computation of insolation nonprecipitating trade cumulus convectiaix=100 m,

and the Coriolis force. Az=40 m), which showed little sensitivity of the simu-

. ) . ) ) lated cloud statistics to choice of LES model or further
The two-dimensional configurations of domain andincreases in resolution. A full suite of three-dimensional

resolution for the CRM used in the present study aresimyations was too computationally expensive for the
listed in Table 1. TheAx=4 km or ‘CRM4km’ con-  |ong integrations performed here. However, a five-day-
figuration matches the SP-CAM CRM in domain size |ong three-dimensional LES run at the same resolution
and resolution. To establish whether the CRM config-a5 the LES50 simulations indicated that the sensitivity

uration used in SP-CAM has adequate resolution to expf shortwave cloud forcing to dimensionality was much
amine the low cloud response, and if not, what resolutionsmgjler than its sensitivity to resolution.

would suffice, we also consider ‘LES’ configurations of

the same CRM. These have much finer grid spacings in  An idealized vertical profile of winds is constructed
the lower troposphere of 50-400m in the horizontal andfor the CRM simulations (Fig. 2). The horizontal ve-
20-160 m in the vertical, along with a shorter domainlocity components are not directly composited because

Table 1: CRM configuration parameters

Configuration| Domain size (km)| Grid spacing (m)| Grid points
x z Ax Az x z
CRM4km 128 40 4000 100 32 | 30
LES400 51.2 27 400 160 128 | 64
LES200 51.2 27 200 80 256 | 96
LES100 51.2 27 100 40 512 | 160
LES50 51.2 27 50 20 1024 | 288
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Figure 3: Vertical profiles from SP-CAM LTS80-90 compositieirf) and the horizontal and time mean profiles from
CRM4km runs (thick). (a) potential temperature (K), (batele humidity (%), (c) cloud fraction and (d) cloud liquid
water content (g kg').

this would produce unrealistically weak wind speed andCAM thermodynamic profiles rather than a moist adia-
vertical shear. Instead the monthly-mean wind speedat, so that our column simulation creates a cloud envi-
(which includes rectification from transients) is compos-ronment similar to the LTS80-90 composite. We force
ited at each level. An idealized profile of wind direc- the CRM with the LTS80-90 composite of the SP-CAM
tions, based on the RICO wind profile used by Abel andlarge-scale horizontal advective tendencies and vertical
Shipway (2007), is combined with the composite wind pressure-velocity (the advective tendencies are plotted i
speed profiles to create(E-W) andv (N-S) velocity pro-  Fig. 10 in W09). The composite vertical velocity from
files. These are used to initialize the runs and to nudg&P-CAM is plotted in Fig. 4 (thin lines). When forcing
their domain-mean velocity profiles with a 10-minute the CRM, this vertical velocity is adjusted (thick lines)
timescale. This timescale is chosen to keep the surfacesing a method that we will now describe.

winds close to the bin-mean values from SP-CAM, so

hat th face fl ilb . ith th in'Sp In SP-CAM, the composite diabatic heating and
that t ' surface fiuxes will be con5|st.ent wit t osein ‘moistening rates closely balance the sum of the result-
CAM if the near-surface air properties are similar. The

ing horizontal and vertical advective tendencies. How-
CRM domain is oriented N-S, as in SP-CAM. The re- g

| hat d d his choice for th ever, the CRM diabatic tendencies inevitably will not
sults are somewhat dependent on this choice for the orléxactly balance the SP-CAM composite advective ten-

entation of the domain because only the shear compone@jtencies, so the CRM mean profiles start to drift away
along the horizontal domain axis affects the simulation.from the SP-CAM profiles to which they are initialized

Th.'s would not be the case for three-dimensional SIMUgiow but persistent drifts in the free troposphere must be
lattions. controlled so that the simulated boundary layer evolves
under free-tropospheric profiles that remain close to the
SP-CAM composite. For instance, the SP-CAM com-
posite has slight advective moistening in the upper tro-
Ing posphere to balance drying from ice precipitating out of

The CRM experiments are initialized with the SP-CAM occasional high cirrus, even though the composite sound-

LTS80-90 composite profiles of temperature and mois N9 is not ice-saturated at upper levels. This advective

ture (Fig. 3, thin lines) with small-amplitude white noise moistening slor\:vly mcl)]lstens the CRM :m;:_lat(ljo? n th?d
in temperature added to initiate convection. The stead%pper troposphere. It uncompensated, this drift wou

2.2. CRM initialization and advective forc-

state reached depends on how the model is forced. Thi [timately lead to an unrealistic sheet of thin cirrus near
requires one to make choices about the specification o e tropopause.

advective forcings, wind direction, and nudging. Unlike  The scheme used to control these drifts affects the
the prior studies discussed in the introduction, we ad-+2K sensitivity of the results. We first tried a simple ap-
vectively force and nudge the mean state toward the SRproach, which is to relax the temperature and humidity

Journal of Advances in Modeling Earth Systems
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Figure 4. SP-CAM composite pressure velocity (thin) and adjusted pressure velocity, (+ «’, thick, hPa d*)
used to force the CRM. Black lines represent the control addines the +2K climate.

profiles toward their LTS80-90 values with a time con- curs via stratified adjustment, so that the column mean
stant that is short in the free troposphere and long belowertical motion adjusts to compensate changes in the col-
the trade inversion. We retained this approach for humidumn profiles of diabatic heating. This feedback was im-
ity (see next setion) but not for temperature. plemented using the following adaptation of an algorithm
from CBO08. Let subscript '0’ denote a reference profile
(in our case, from the SP-CAM LTS80-90 composite),
and let a prime denote a perturbation of a CRM horizon-
Systematic drift of the upper-tropospheric humidity from tal mean quantity from that reference profile. We use the
the reference profile is an inevitable consequence of useference horizontal advective tendencies, but we let the
ing a quasi-steady CRM simulation to represent a commean vertical velocity used to compute vertical advective
posite over many times and locations. Hence, we add &ndencies respond to the instantaneous profile of col-
relaxation term for specific humidity with a height de- umn virtual temperature (i. e. density) anomalies. That

2.3. CRM moisture nudging

pendent rate is, we takev = wy + w’, wherew(p) is the SP-CAM ref-
erence profile and’(p, t) is a diagnosed time-dependent
aq(2) = ag {1+ erf[(z — 20)/0]} /2, (2.1)  pressure velocity perturbation.

whereag = (1 d)™!, zp = 3 km, andb = 1.5 km. This
nudging rate ramps from close to zero at the surface to Following CB08, the approach is to consider the col-
ag in the upper troposphere, with the transition mainlyumn to be representative of the center of an anoma-
occurring just above the trade inversion in the heightlous region of some half-widtiA. The density profile
rangezo+ 2b/3 = 3+1 km. across this region is assumed to have a horizontally si-

nusoidal variation with wavenumbér = 7/(2A) such
2.4. Vertical velocity feedback for the CRM  that the density anomaly vanishes at a distahideom

the column. We compute’ from the linear, quasi-
Our approach for controlling temperature drifts from the steady, damped inertia-gravity-wave adjustment of this
reference profile invokes the same physics that underli@orizontally-varying density field to the reference den-
the ‘weak temperature gradient’ (WTG) approximation sity profile. The tropopause and surface are approxi-
to tropical dynamics (Sobel and Bretherton 2000). Thismated as rigid boundaries. We assume a Rayleigh damp-
approximation assumes that the nonlocal horizontal hoing ratea,, for momentum perturbations. This results
mogenization of the temperature profile in the tropics oc-in the following boundary-value problem, derived in Ap-
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Figure 5: Time series of (a) ten-day-averaged shortwavedciorcing (SWCF) and (bJSWCF)(t), the average of
SWCF over days 51 up to for CRM4km runs. Control (black, solid) and +2K (red, dedheins are shown. Standard
error estimates for time-averaged SWCF are shown just itk&gght edge of (b).

pendix A, which is solved at each timestep égip): ulated boundary layer cloud and +2K response that are
9 ) , 9 , fairly similar to those we obtain using the-feedback
9 <f+am Ow ) _ K RiT, approach described above that we ended up adopting. In
dp Gm dp p (2.2)  corresponding LTS70-80 simulations, temperature nudg-
with «'(ps) = ' (pr) = 0. ing is less successful than-feedback in reproducing
the SP-CAM +2K cloud changes, though both methods
replicate the control-state clouds fairly well. In general
She w-feedback approach also produces a somewhat bet-

sure, respectively. We choose a momentum damping ratg,. match than temperature nudging between the CRM-

= 1 _ o
an(p) =1 A7 (p/prey) Wherep,¢;=1000 hPa. This is ;0 ated cloud-layer relative humidity profile and the
largest in the lower troposphere and falls off with height, SP-CAM composite

as one would expect in the subtropics where a dearth

of deep convection would allow momentum anomalies

in the upper troposphere to be longer lived. We also3, Sp-CAM column analogue - CRM4km results

somewhat arbitrarily choode = 2.4 x 10=¢ m~—!, cor-

responding to a half-width\ = 650 km for the cloud Each simulation reaches statistically-steady horizental

regime we are considering. The Appendix further dis-mean temperature and moisture profiles within 20 days.

cusses the choice of constants and the relation of this ag-ow cloud fraction (not shown) adjusts even more

proach to published alternatives of Raymond and Zengapidly. However, while successive daily means of low

(2005), CB08 and Kuang (2008). cloud fraction and of shortwave cloud forcing (SWEF)
We also tried nudging the temperature to its ref-are uncorrelated, low frequency variability is present,

erence profile with a damping rate profile similar to as seen in the timeseries of ten-day-averaged SWCF in

Eqg. (2.1) to control temperature drift with respect to theFig. 5a. Because we are interested in the differences be-

SP-CAM sounding. This approach gives LTS80-90 sim-tween two rather similar simulations, we must be sure

Here f is the Coriolis parameter, angk = 1016 hPa
andpr ~ 100 hPa are the surface and tropopause pre

ISwWCF= SV\gth— S\N;lnf, where SV\Zﬁt and SV\gﬁf are the net downwelling shortwave radiation flux at the tothefatmosphere for full-sky and
clear sky, respectively. As the effect of low clouds on loage/ radiation is weak due to cloud top temperatures not serdift from those of the
surface, shortwave cloud forcing represents the main dwrition of low clouds to climate sensitivity.

Journal of Advances in Modeling Earth Systems
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Table 2: Comparison of SP-CAM, CRM4km and LES100 summatyssitzs for the control runs and the +2K change.
The composite control SST's are 297.1 K and 298.2 K for LTS8@nd LTS70-80, respectively.

Case Model Low Cloud | LWP SWCF LWCF | Surf. Evap.| Rainfall
Fraction | (@m=2) | Wm=2) | (Wm~2) | (mmd?!) | (mmd?)

SP-CAM ctrl 0.28 54.7 -45.5 11.2 4.49 0.67

Aok 0.05 8.0 -5.4 0.2 0.47 0.05

LTS80-90 | CRM4km | ctrl 0.34 86.9 -40.7 5.3 4.43 0.39

Aok 0.02 5.2 -4.3 -0.3 0.46 0.06

LES100 ctrl 0.09 16.4 -10.8 2.0 4.39 0.21

Aok 0.01 15 -0.9 0.1 0.51 0.02

SP-CAM ctrl 0.27 59.2 -44.5 14.1 4.95 1.33

Aok 0.02 5.0 -3.4 -0.4 0.48 0.05

LTS70-80 | CRM4km | ctrl 0.36 90.2 -45.6 5.9 4.87 0.46

Aok 0.01 3.2 -0.9 -0.5 0.45 0.04

LES100 ctrl 0.09 18.7 -11.6 1.9 4.81 0.41

Aok 0.00 0.2 -0.2 0.0 0.49 -0.01

to use a sufficiently long averaging period so their dif- the boundary-layer cloud layer. The cool, moist bound-
ferences overwhelm the sampling uncertainty in this andary layer is deeper and capped by a more pronounced
other cloud-related variables. As a result, we choosénversion in CRM4km than in SP-CAM. We speculate
an averaging time of 950 days (from days 50-1000) forthat this occurs because, in SP-CAM, synoptic tran-
CRM4km to reduce uncertainty in the time averagessients episodically depress the trade inversion and re-
caused by the low frequency variability. Figure 5b showsplace moist cool air by warmer and drier air. By con-
the evolution of (SWCF)(t), the average SWCF be- struction, this cannot occur in the steadily forced CRM.

tween day 50 and day, and indicates that the time- Nevertheless, the SWCF and its +2K sensitivity

average is well converged over the time period consid-agree fairly well between CRM4km and SP-CAM. The

ered here. Time averages for the LES simulations, Whicrrow cloud fraction and liquid water path (LWP) of the
lack significant low frequency variablity, are taken OVer ~pMakm runs increase from control to +2K as in SP-

days 50-100 (except fahx=400m, which uses days 50- CAM, though the changes are smaller in magnitude than

200). Standard error estimates for all runs are generg, sp_ caM. Table 2 summarizes time-averaged statistics

ateq from ten sample means over ten equal length Su%f the CRM4km and LES100 runs for both the control
periods of the full averaging period (e.g., 950 days fOrand the +2K changes. The means and +2K sensitivities
CRM4km). These are shown for the CRM4km runs Aot jow cloud fraction, cloud liquid water path and SWCF

the right edge of Fig. 5b. Standard error estimates for, how reasonable agreement between CRM4km and SP
ASWCF are .computed from thg sums of the squares o AM. Table 2 also shows corresponding results for the
the error estimates for the individual control and +2K ~p\+ (i with LTS70-80 forcing, which show similar
runs. agreement with SP-CAM, except that the +2K sensitiv-
ity of SWCF is somewhat smaller in magnitude than in
SP-CAM. Over all, we regard the CRM4km simulation
as a useful column analogy to the SP-CAM composite

Figure 3 (thick lines) shows the steady-state
horizontal-mean profiles of potential temperature, rel-
ative humidity, cloud fraction, and liquid water con-
tent reached by the LTS80-90 forced control and +2KCIOUd response.

CRM4km runs. The CRM4km temperature and relative  Table 2 also shows that the control SP-CAM com-
humidity profiles above the boundary layer match theposite rainfall rate is about 70% larger than in CRM4km
SP-CAM composites fairly closely because of the verti-for LTS80-90 and 190% larger for LTS70-80. This
cal velocity feedback and strong moisture nudging, alongs because the SP-CAM composites include occasional
with the relatively slight imbalance between CRM ad- episodes of deeper convection as well as the light shal-
vective and diabatic forcings at these levels. The CRMlow convective rainfall simulated by the CRM. The heat-
deviates more from the SP-CAM composite profiles ining and drying from these episodes affect the SP-CAM
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Figure 6: Horizontally- and time-averaged profiles from @®@M4km run. (a) Radiative heating (Kd), with thin
lines denoting comparison SP-CAM profiles, (b)-(c) tendenof temperature (Kd') and humidity (g kg! d—1)
from perturbation vertical advection, and (d) moisturexation tendency (g kgt d=1).

composite heat and moisture budgets. However, in botldoes SP-CAM (again probably due to the lack of syn-
cases the precipitation is much smaller than evaporatiooptic variability that can produce somewhat deeper cu-
from the sea surface, and similarly for its +2K changes.muli). Overall, the physics of the CRM4km +2K re-
Hence, the episodic precipitating deep convection doesponse seems similar to that diagnosed for SP-CAM as
not appear to be seriously perturbing the shallow cu-a whole: more radiative cooling leads to more shallow
mulus layer heat and moisture budgets and their +2Kconvection and associated cloud.

response. This is consistent with the similarity in the

SP-CAM +2K cloud response across the high LTS per-

centiles, despite substantial differences in their mean pr 4. Sensitivity to CRM resolution

cipitation rate. .
The column analogue is now employed to study the sen-

Figure 6 shows time-averaged profiles of radia-sitivity of the SP-CAM cloud climatology and +2K re-
tive heating, large-scale vertical advection and moisturesponse to the CRM resolution. To do this, we ran the
nudging from the CRM4km simulations. The mean con-cloud-resolving model to steady state using the same
trol radiative cooling (Fig. 6a, thick black line) is en- LTS80-90 control and perturbed forcing, but with the
hanced compared to SP-CAM (thin black line) in the’LES’ resolutions given in Table 1. Figure 7 shows
850-900 hPa layer in both the control and +2K sim- steady state profiles from the LES100 simulations with
ulations because of higher RH and cloud. The +2KLTS80-90 control and +2K forcings (thick lines). Re-
CRM4km simulation has slightly stronger +2K radia- sults at this resolution are representative of those at the
tive cooling in the cloud layer than the control, though finer LES resolution®\z=50-200m. The LES simula-
the increase is much less than that of the SP-CAM. Theions have a sharper inversion than CRM4km and also
control vertical advective temperature tendency (Fig. 6bhave an increase in humidity, cloud cover and condensate
compensates for most of the radiative cooling. Subsibelow the inversion that is suggestive of a tendency to-
dence drying (Fig. 6¢) balances upward convective andvards cumulus-under-stratocumulus, that is not present
turbulent moisture transport. Within the cumulus layerin CRM4km. Furthermore, Figs. 7c-d show that LES100
(below 800hPa), the moisture nudging (Fig. 6d) is muchhas much less cloud and condensate at all heights, pro-
weaker than the vertical (Fig. 6c) and horizontal (W09ducing a low cloud fraction and SWCF only one-fourth
Fig. 10c) moisture advection and also shows little +2Kas large as for the CRM4km resolution (see table 2).
sensitivity. We infer that the moisture nudging does notSimilar results (not shown) were found with LTS70-80
seriously distort the cloud-formation processes in the cuforcings, but the LES cloud and condensate profiles were
mulus layer. Above the cumulus layer, the nudging actanore weighted toward the bottom of the cloud layer, in-
to moisten the 700-800 hPa layer where the CRM doeslicating that less residual cloud was present at the trade
not generate as much cumulus-induced moistening asiversion base.

Journal of Advances in Modeling Earth Systems
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Figure 7: As in Fig. 3, except for LES100 simulations. Thire show SP-CAM composite values.

Given the differences in simulated mean state, it isetrative when they overshoot their level of neutral buoy-
no surprise that the +2K cloud response in the LESancy. This keeps the cumulus layer too shallow. In ad-
simulations also differs considerably from the CRM4km dition, the vertical resolution is very coarse, especiatly
simulations. For the LTS80-90 case, the LES-predictedheights above 2 km.

+2K response in low cloud fraction and SWCF (Fig. 7a | Figure 8, the change in SWCF andSWCF with

and Table 2, respectively) is smaller than that of the, iy gacinga s are depicted. Here, the full suite of res-

CRM4km simulation. Moreovgr, its yerticgl structure is olutions (Az=50m, 100m, 200m, 400m and 4km) are
@fferent than .the QRM4km simulation, Wlth the cloud shown (heavy blue line). In addition, the SP-CAM re-
increase localized in the layer below the inversion. sults (black circles) and a number of sensitivity studies
For the LTS70-80 case the LES-predicted cloud andhat will be described further in sect. 5 and 6 are also
condensate (not shown) also increase near the trade inlisplayed. In both the LTS70-80 and LTS80-90 bins,
version in the +2K simulations, but the increase is muchthe LES results show consistency in SWCF axfsWCF
smaller, so that the SWCF (given in Table 2) is only across the rang&xz=50-200m withA2z=20-80m. The
slightly larger than in the control run and the change indiscrepancy betweeASWCF in those simulations is
the low cloud cover is negligible. Both SP-CAM and close to the error estimates. At the coarser grid spacing
the CRM4km runs in this bin show weaker +2K cloud of Az=400m andAz=160m, however, the amplitude of
changes than in the LTS80-90 bin, although both of thenSWCF andASWCF increase substantially. The SWCF
have significantly negative +2K changes in SWCF, asncreases further at th&z=4km resolution of CRM4km
was the case for LTS80-90. The +2K change in SWCFand SP-CAM, as doeASWCF in the LTS80-90 bin. In
in SP-CAM is about four times stronger than in the the LTS70-80 bin ASWCEF is close to the LES estimate,
CRM4km runs, indicating that our column analogue iseven through the control SWCF is approximately four
less successful in this case. We would speculate that syrtimes larger than that of the LES runs.

optip vgriability may play a more import.a_nt role in_es- The simulations presented in Figure 8 suggest
tabhsﬁw_mg t_he mean state.and n determmln_g the CIIr’n"’m?hat a grid resolution of approximatelxz=250m and
sensitivity in this bin than in the LTS80-90 bin. Az=100m is necessary to simulate the trade cumulus
The CRM4km cloud biases can be rationalized as fol-clouds characteristic of the LTS70-80 and LTS80-90
lows. The coarse, 4 km horizontal resolution forces cu-bins. This estimate is consistent with the notion that
mulus updrafts to be far too broad and weak. Updraftsone should resolve at least the largest of the eddies in
that are too weak must have an excessive fractional arethe ~500m deep subcloud layer. The SWCF of a further
at cloud base in order to flux enough moisture out oftest usingAz=400m andA z=80m (not shown, identical
the boundary layer to balance surface evaporation. Thito LES400 except that the vertical grid of LES200 was
causes the coarse-resolution simulation to overestimatesed) was between that of LES200 and LES400. This in-
cloud fraction just above cloud base. On the other handdicates that both horizontal and vertical resolution play a
cumulus updrafts that are too weak are insufficiently pen+ole in the differences between LES200 and LES400 and
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Figure 8: Plots ofAx vs SWCF andASWCF for (a,b) LTS80-90 and (c,d) LTS70-80 bins. Standardresstimates
for ASWCF are shown in (b) and (d). The scales on the horizontal iadegarithmic inAz. The various CRM
simulations are described in the text.

that the coupling of a coarse horizontal grid to a relativelytrue in the LTS80-90 bin, wherASWCF is larger with
fine vertical grid may not lead to satisfactory simulationsdiurnally-varying insolation, despite the weaker mean
of clouds in this regime. SWCF in that case (Figure 8a—b).

Within the column analogue, the mean cloud state
and +2K sensitivity depends on other aspects of the simg Sensitivity to parameterization of stratified
ulation setup, in addition to grid resolution within the adjustment
CRM or LES model. In the following sections, we ] ) ) ] )
explore two aspects of the setup: the use of steadyThe vertical velocity feedback described in sect: 2.4 s
diurnally-averaged insolation (rather than the default,c€ntral to our column analogue approach for diagnos-
diurnally-varying insolation) and variations in the formu N9 cloud feedbacks. Without this feedback, the CRM
lation of the stratified adjustment mechanism underlying®" LES runs would drift from the large-scale conditions
the vertical velocity feedback. derived from SP-CAM, and large or inconsistent drifts
in control and +2K simulations would lead to meaning-
less predictions of\ ;o cloud changes. In the present
5. Sensitivity to inclusion of diurnal cycle of in- section, the sensitivities of our results to changes in the
solation the formulation of the vertical velocity feedback are ex-
plored. In this context, it can be noted that the applica-
The CRM4km simulations have also been performedion of the column modeling approach to both the LTS70-
with diurnally-averaged insolation, in addition to the de- 80 and LTS80-90 bins has already explored the sensitiv-
fault, diurnally-varying insolation in the other simula- ity of the formulation to varying large-scale conditions.
tions described here. While the mean liquid water pathwhile the conditions in these bins are broadly similar,
and cloud fraction change little with the inclusion or the relatively good agreement between the CRM4km and
exclusion of a diurnal cycle of insolation (fig 9 shows SP-CAM results in these two bins suggests that the col-
results for LTS80-90 control forcings), the SWCF in- umn analogue framework is robust with respect to small
creases substantially in the case of diurnally-averaged inchanges in the large-scale conditions.
solation. As seenin Figure 9, the cloud layer thins during
the day and thickens at night with diurnally-varying inso- 6
lation. Thinner cloud layers during the hours of strongest
insolation lead to lower average SWCF than that foundThe formulation of stratified adjustment in the present
using diurnally-averaged insolation. In the LTS70-80work requires the specification of the vertical profile of
bin, ASWCF increases substantially when diurnally- momentum damping. Momentum damping is itself a pa-
averaged insolation is used (Figure 8d). This is notrameterization of the role played by turbulent eddies and

Momentum damping
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Figure 9: Diurnal cycle of -SWCF, LWP and percent low cloud fiat for CRM4km run with LTS80-90 control forc-
ings. Also plotted with thick lines at left are mean valuethef same quantities from a run that is identically-configure
run except for the use of diurnally-averaged insolation.

gravity waves in momentum transport. As it depends orstate, together with local SST, wind speed and profiles
the state of boundary layer and free troposphere, its valuef RH and horizontal advective forcings. In this ap-
is relatively difficult to constraira priori. Nonetheless, proach, the entirey profile is diagnosed rather than just
estimates do exist for regions of deep convection in theperturbed from the LTS80-90 referenceprofile. The
tropics (e.g., Lin et al. 2005). In the CRM4km runs, success of this approach suggests that the LTS80-90
am(p)=1d~! (p/pres), Wherep,.=1000 hPa, was used. profile and its response to a +2K SST change can be re-
The indirect estimate of momentum damping generatedjarded as diabatically driven consequences of the local
from SP-CAM in sect. 2.4 suggests that a vertically- column diabatic heating profile. This further implies that
uniform momentum damping raie,,=0.5 d-!, along  w(p) can be treated as a response rather than a forcing
with A=650km, would also be consistent with SP-CAM. for the boundary layer cloud feedback problems.
Simulations identical to CRM4km except for this choice Formallv. an assumption underlving the derivation of
of a vertically-uniforma,,,=0.5 d~! have been performed h . Iy, locity f gb Ki 232/ 9 h . f
and are shown in figure 8 (magenta diamonds). Thé[ € ver'gca velocity feedback in (2.2) is t. € eX|s'§ence 0
mean SWCF in these simulations is similar to that of> quasi-steady reference state, thaflt. varies on timescales
CRM4km in both LTS bins, suggesting that the Simu_much longer than those of the stratified adjustment mod-

lation of the mean state cloud forcing is relatively in:sen—glnecde Igta(tzéaésIgetrri]\;ae(;ufrr]c?md(tar?grtl)?r?-ivaet:gvi’d tgsu:]%fienr's
sitive to this variation in the specification af,. The 9 9

differences iMASWCF between the bins are larger in rel- and profiles of Iargejsc‘ale horizontal gdvection afd,

ative terms and change sign between the bins. The err%\rlrhf_lr_es é%egf)ugi?,rs?:?ﬁgt rfi);i:izv\\/glrllie tlgetr\er!c_iI:F\?e-I?) ?:

bars forASWCF based on the standard error estimatesl,ty feedback detérmined the pertubétion large-scale ver

however, are nearly overlapping for these runs. ) . - e i
Y ppIng tical velocityw’ based on the deviatidF, = T, — T.*"".

One could also interpret the reference large-scale verti-

6.2. Tropical Mean Reference State cal velocityw$™ as that induced by a virtual tempera-

ture anomalyl, = T)™ — T/™rics where TP is
In this section, we describe how the column model carthe tropics-mean virtual temperature profile. This inter-

use a tropical-mean temperature profile as its referencpretation, in fact, was used to derive the SP-CAM-based
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estimate of- above in sect. 2.4. crease may best be interpreted mainly as a consequence
This approach has been extended to the column anaf the stronger trade inversion. As seen in Fig. 7, the
logue by choosing the SP-CAM tropical mean sound-cumuli have very similar properties in the control and
ing from the control and +2K simulations as the refer-+2K simulations as they rise toward the inversion, but
ence state with the reference large-scale vertical vglocitwithin 100 m of the inversion, the cloud fraction and lig-
wy°P***=0. Using this approach, equation (2.2) is used touid water content are about 25% larger in the +2K simu-
predict the full value ofu based on the virtual tempera- lations. This suggests that the condensate detrained from
ture anomalied” = T, — T!™rs. Values of SWCF cumuli can survive longer under the stronger +2K inver-
and ASWCF from simulations using this approach atsion, consistent with past modeling studies on the stra-
the CRM and a variety of LES resolutions are reportedtocumulus to trade cumulus transition (e.g., Wyant et al.
in figure 8 (green dashed line marked “Tropical Mean1997). The inversion also seems to deepen very slightly
Sounding”). The trade inversion capping the cloud layerin the +2K case, but this does not play an obvious role in
is slightly deeper in these runs (not shown) than in thoséhe cloud increase.
using the bin-specific LTS70-80 and LTS80-90 reference  While the results presented here suggest that under-
state, which leads to slightly stronger SWCF in theseresolution of cumulus clouds in the embedded CRMs
runs. The trend in SWCF with grid spacing is much thewithin SP-CAM leads to an over-prediction of cloud
same as reported in sect. 4. The cloud respdx@&/CF  fraction and cloud forcing in the LTS70-80 and LTS80-
in these runs is similar to those reported above at LE®O bin, past experience suggests that the same under-
resolutions up to 200m, although the standard error esresolution likely leads to an underprediction of cloud
timates do not always overlap. At larger grid spacings,fraction in the LTS90-100 bin. Stevens et al. (2003)
the predictedASWCF is somewhat weaker than that pre-found increasing stratocumulus cloud fraction with
dicted with the bin-specific reference state, but still hasdecreasing grid spacing in nighttime simulations of
the same tendency to be significantly more negative thasumulus-under-stratocumulus with strong subsidence
the high-resolution LES cases. (nearly twice as strong as here). Similarly, Stevens et
al. (2005) found increasing cloud liquid water path in
simulations of stratocumulus with increasing verticat res
olution (down toAz=1m). The difficulty of achieving
This study further analyzes the low-latitude cloud re-convergence in large eddy simulations of stratocumulus
sponse of SP-CAM to a uniform +2K SST increase.clouds — even at relatively fine resolutions — was one
We use LTS-composited SP-CAM monthly-mean outputreason why the LTS70-80 and LTS80-90 were chosen as
oceanic low-latitude grid columns from W09 for both the focus of this first study with the column modeling ap-
control and +2K climates. A column analogue to SP-proach. In the future, we plan to apply this column mod-
CAM is constructed and compared with the SP-CAM in €ling approach to both stratocumulus (as in the LTS90-
two trade cumulus regimes defined by the 70-80th and.00 bin) and the deep convection that occurs in the lower
80-90th percentiles of LTS. It uses a single CRM inter-LTS bins.
acting with a free troposphere in which subsidence is al- A practical modeling implication of our study is
lowed to adjust to the column diabatic cooling to keepthat a superparameterized GCM or global CRM likely
the temperature profile close to the SP-CAM compositeneeds very high resolution — on the order&f=250m
with additional humidity relaxation above the cumulus and Az=100m — to realistically simulate subtropical
layer. boundary layer cloud feedbacks on climate. While the
Especially for LTS80-90, the column analogue pro-required resolution is computationally infeasible for a
duces an encouragingly similar cloud climatology andglobal CRM for the foreseeable future, it might be within
+2K cloud response to SP-CAM when the CRM is run reach of a suitably-designed superparameterized GCM.
with the same coarse 4 km, 30 level resolution. How-
ever, the mean cloudiness dramatically decreases in this Acknowledgments. This work has been supported
column analogue if the CRM is instead run with a typical by the National Science Foundation Science and Tech-
LES resolution used for shallow cumuli. nology Center for Multi-Scale Modeling of Atmospheric
The +2K cloud increase also is reduced at LES resoProcesses, managed by Colorado State University under
lutions, as compared to the 4 km CRM resolution. Unlikecooperative agreement No. ATM-0425247. The SAM
with coarse resolution, cloud increases at the LES reso€RM was kindly provided by Marat Khairoutdinov, who
lutions occur almost exclusively at the trade inversion.also performed the SP-CAM simulations that are the ba-
This suggests that, at LES resolution, the +2 K cloud in-sis for this study.

7. Discussion and Conclusions

Journal of Advances in Modeling Earth Systems



14 Blossey et al.

A. Vertical velocity feedback equation where k = =/(2A) is a user-specified characteris-
tic horizontal wavenumber. Primes denote the column

As in CB08, we consider a system in which domain- . _—
. . . . anomalies from the reference state. Substituting (A.7)
mean anomalies of virtual temperature and diabatic heat-

ing in the simulated column are assumed to be represer%r-]to (A-5),
tative of a region of characteristic half-width The re- o [f2+a2 O K2Ry
lting horizontal buoyancy gradients generate vertical " ~ T, (A.8)
sulting horizontal buoyancy gradients generate vertica op a op b v
m

motions through linear gravity wave dynamics. We mod-
ify CBO8's derivation (which did not include momen- Equation (A.8) can also be interpreted as the steady state
tum damping) by allowing a momentum damping ratelimit of equation (7) in Kuang (2008) and was derived
an,. For simplicity, we do not consider the advection of independently by Kuang (personal communication), ex-
anomalies by the reference-state vertical and horizontatept that here the effect of rotation is included and pres-
winds, which (as shown via scaling analysis in CB08)sure is used as a vertical coordinate.
should not influence the result. In this paper, two assumptions fa,, have been

We assume a constant Coriolis paramgte®ur ver-  used: the vertically-varyingi,,,(p) = 1 d™' (p/pref)
tical velocity equation is derived assuming the columnwherep,.;=1000 hPa in the bulk of the paper and the
density anomalies are 'quasi-steady’, i. e. varying onvertically-uniforma,, (p) = 0.5 d"* in sect. 6.1. Under
timescales much longer tharj,! and f~!, so that we the assumption that momentum damping is uniform in
can neglect time-derivative terms in the governing equathe vertical, equation (A.8) becomes:
tions. This is not an important restriction, since we run
the column model to a statistical steady state. 9%’ ~r ﬂ (A.9)

We consider an arbitrary small perturbation o2 p '
F*(xz,p,t) of all variablesF about the reference state
Fy. For simplicity, this perturbation includes variability Wherer = k*Rqa,,/(f* + a,). One can generate
in only one horizontal dimension, but the same resultaN independent estimate ofoy comparing LTS-sorted
would also be obtained assuming sinusoidal horizonPin-mean profiles of” and7; in the lower troposphere
tal variability in two horizontal dimensions. The linear, in SP-CAM, now treating the perturbation as being the
damped, hydrostatic, quasi-steady momentum and madlifference between the bin-mean and the tropics-wide
conservation equations in pressure coordinates can g8€an. This results im ~ 4.3x107% K~'s™!, which

written is approximately equivalent to the valuevould take on
; using the choices of and the vertically-uniformu,,, =
amu* — fv* = _8¢ (A1) 0.5 d~! above. While the assumption of a vertically-
. . O uniform a,, used in the estimate of prevents a direct
amv” + fu” =0 (A2)  comparison with the default, vertically-varying, used
9¢* _  RaTy (A.3) inthis paper, the estimate offrom SP-CAM also cor-
dp p ' responds roughly to the value of the vertically-varying
ou*  ow* 0 (A4) a., evaluated at 500 hPa. The similarity of this estimate
ox op ' to our choices ofi,,, and A is reassuring, and suggests

: . . . . that the magnitude of vertical velocity feedback we are
Thes_e eq*uanons can be combined into a smgle equatlol[?sing is comparable to that apparent in the mean tropi-
relatingw™ to the virtual temperature perturbatiayy: cal Hadley-Walker circulation in SP-CAM. It also sug-
9 [+ a2 du* Ry °T* gests that Eq. (2.2) may also be suitable for more ide-
op ( > = (A.5)  alized frameworks for studying cloud feedbacks such as
proposed by Zhang and Bretherton (2008) without large
At the surface and the tropopause, we assume rigid-lichdjustments im.,,, andA.
boundary conditions and neglect Eulerian pressure ten- Our approach bears some resemblance to Raymond
dencies so and Zeng's (2005) algorithm for enforcing the weak
; y temperature gradient approximation in a cloud-resolving
w(z,ps) = w*(z,pr) =0 (A-6) " model. They assumed’ is proportional to—a.,;, 77,
with a relaxation rate.,, that goes to zero at the surface
and tropopause and maximizes in the mid-troposphere.
With an appropriate choice of..,, this will have
F*(z,2,t) = F'(z,t)cos(kx), (A.7) roughly the same effect as (2.2) for gravity waves with

Ay dp p Ox?

We assume the anomalies of all variablékave the spa-
tial structure

JAMES



Column Modeling of Subtropical Low Cloud Response 15

a half-wavelength that spans the troposphere, but then Caldwell, P, and C. S. Bretherton, 2008: Response
it will distort the w’ response to sharper (shorter verti- of a subtropical stratocumulus-capped mixed layer to cli-
cal wavelength) perturbations #, in a manner that de- mate and aerosol changes. J. Climate, 22, 20-38, doi:
pends on how far they are from the top or bottom bound-10-1175/2008JCLI1967.1
ary. Unlike Raymond and Zeng's approach, our algo- Khalroutdlpov, M. F, and D. A. Randall,. 2(.)01:. A
rithm (2.2) has the attraction of being formally derivable C10ud Resolving Model as a Cloud Parameterization in the
from a physically-based model of the dynamical feed_NCAR Community Climate System Model: Preliminary Re-.
. . . . sults, Geophys. Res. Lett, 28(18), 36173620. DOI:

backs on horlzontally Iocallzed. depsny perturbations. 10.1029/2001GL013552

We believe that for our application, the approach pro-  khairoutdinov, M. F., and D. A. Randall, 2003:
posed here is superior to that proposed by CB08 . Whilecloud resolving modeling of the ARM summer 1997 IOP:
the two approaches start with a similar underlying modelModel formulation, results, uncertainties, and sensitivi-
of the dynamical adjustment process, CB08 neglectedies. J. Atmos. Sci., 60, 607-625, doi:10.1175/1520-
momentum damping. After some approximation, they0469(2003)060;0607:CRMOTA(,2.0.CO;2
were ultimately able to relate’ to the profile of per- Kuang, Z., 2008: Modeling the interaction between cumu-
turbation diabatic heating rate in the simulated columnus convection and linear gravity waves using a limited-domain
At least in the lower troposphere, momentum dampingdo,llid system-resolving model. J. Atmos. Sci., 65, 576-591,
is probably quite significant for gravity waves of short doi: 10.1175/2007JAS2399.1

tical | th i th d f Kil Lin, J.-L., M. Zhang, and B. Mapes, 2005: Zonal Momen-
vertical wavelengin propagaling thousands of Kilome- Budget of the MaddenJulian Oscillation: The Source and

Fers across the t.rOpiCS' For instance, a herostatip gra\Strength of Equivalent Linear Damping. J. Atmos. Sci., 62,

ity wave of vertical wavelength 3 km (which projects 21722188, doi: 10.1175/JAS3471.1

strongly onto the strong and sharp horizontal temper-  Raymond, D. J., and X. Zeng, 2005: Modeling tropical at-

ature variations seen around the trade inversion) has @ospheric convection in the context of the weak temperature
horizontal phase speed of roughly 5 m's Over the gradient approximation. Quart. J. Roy. Meteor. Soc., 131,
damping timescale,,! ~ 1 d in the lower troposphere, 1301-1320, doi: 10.1256/q].03.97

it will only propagate~500 km, so it experiences con-  Siebesma, A. P., and 12 co-authors, 2003: A large eddy
siderable momentum damping in the regime ha”_widths_imulation intercomparison study of shallow'cumulus convec-
A =650 km. Thus, CBO0S’s negleCt of momentum damp_tlon. J. Atmos. Sci., 60, 1201-1219. doi: 10.1175/1520-
ing was not fully justified for our application. In addi- 0#69(2003)60i1201:ALESIS¢2.0.CO:2

. Sobel, A. H., and C. S. Bretherton, 2000:
tion, an approach based on temperature rather than he%’odeling Tropical Precipitation in a Single Col-

ing rate perturbations has practical advantages when usegl,, 3. Climate, 13, 4378-4392, doi: 10.1175/1520-
with a CRM of finite domain size. The CRM-simulated 0442(2000)013j4378:MTPIAS¢,2.0.CO;2

domain-mean heating rate varies much more from time  stevens, B., and 16 co-authors, 2005: Evaluation of Large-
step to time step than does the domain mean tempeEddy Simulations via Observations of Nocturnal Marine Stra-
ature, violating the quasi-steady assumption underlyingocumulus. Mon. Wea. Review, 133, 1443-1462, doi:
thew’ feedbacks derived by CB08, even while thlede- ~ 10.1175/MWR2930.1

rived from Eq. 2.2 varies only slowly from timestep to ~ Stevens, D. E., A. S. Ackerman, and C. S. Brether-
timestep. That said, for this study we also tried imple-on, 2002: Effects of domain size and numerical reso-
menting variants of the CB08 approach to diagnosihg '”"‘?A”tmool the Sséim“'zgon 32‘;;“3‘?3”8;" CdUOT“'“iO Clolr‘?";‘itg;%
and ywth appropr!ate .pa_rameter choices we were able té469(2002)059;3£85:ElODSAN(;Z.O.éo;z

obtain results quite similar to those shown in this paper

T Wyant, M. C., C. S. Bretherton, H. A. Rand, and D.
(but not shown here due to space limitations). E. Stevens, 1997: Numerical simulations and a concep-

tual model of the stratocumulus to trade cumulus transi-
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