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Abstract. This paper describes the coupling of the Com- lus, in climate models has been thought to be the contribut-
munity Atmosphere Model (CAM) version 5 with a uni- ing factor to uncertainty in future climate prediction (Webb
fied multi-variate probability density function (PDF) param- et al., 2006; Bony and Dufresne, 2005). In addition, sev-
eterization, Cloud Layers Unified by Binormals (CLUBB). eral authors (e.g. Gettelman et al., 2012; Medeiros et al.,
CLUBB replaces the planetary boundary layer (PBL), shal-2008) find that low clouds, particularly shallow cumulus,
low convection, and cloud macrophysics schemes in CAM5contribute significant uncertainty to climate sensitivity exper-
with a higher-order turbulence closure based on an assumeichents. Therefore, stratocumulus, shallow cumulus, and tran-
PDF. Comparisons of single-column versions of CAMS5 sitional types (i.e. cumulus under stratocumulus) of bound-
and CAM-CLUBB are provided in this paper for several ary layer regimes must be well represented in global climate
boundary layer regimes. As compared to large eddy simumodels (GCMs) for the simulated climate to be represented
lations (LESs), CAM-CLUBB and CAM5 simulate marine with fidelity. The challenge in simulating cloud-topped plan-
stratocumulus regimes with similar accuracy. For shallowetary boundary layers (PBLSs) rests in the fact that the close
convective regimes, CAM-CLUBB improves the representa-coupling and interactions between microphysics, radiation,
tion of cloud cover and liquid water path (LWP). In addition, and turbulence occur on much smaller scales than grid sizes
for shallow convection CAM-CLUBB offers better fidelity used in modern GCMs (Schubert et al., 1979). Addition-
for subgrid-scale vertical velocity, which is an important in- ally, the turbulent properties and statistics often vary continu-
put for aerosol activation. Finally, CAM-CLUBB results are ously between cloud types, such as stratocumulus and trade-
more robust to changes in vertical and temporal resolutiorwind cumulus, which suggests the use of so-called “unified”
when compared to CAMS. parameterizations that treat all PBL clouds using the same
equation set (Lappen and Randall, 2001).

Over the past decade, great advances have been made in
representation of PBL clouds in GCMs. For instance, the
1 Introduction PBL (Holtslag and Boville, 1993) and shallow cumulus pa-

rameterization (Hack, 1994) in the Community Atmosphere
Boundary layer clouds play a key role in the climate sys-Model (CAM) version 4.0 did not assume direct interac-
tem on several accounts. They modulate the Earth's radiation with each other, often leading to inconsistencies. The
tion balance (Hartmann et al., 1992), remain a crux in underHoltslag and Boville (1993) PBL scheme is a downgradi-
standing cloud feedbacks (Stephens et al., 2005), and plagnt diffusion model which includes counter-gradient fluxes.
important roles in understanding the indirect aerosol effectHowever, this scheme assumes that the surface fluxes are
on climate (Heintzenberg and Charlson, 2009). Poor reprethe only energy source for turbulence. In addition, only dry
sentation of low clouds, including stratocumulus and cumu-
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conserved variables are used which is not compatible withof subgrid-scale (SGS) variability. Due to recent upgrades,
a shallow moist convection scheme. CAM4 often simulatessome GCMs (such as CAM) now include double-moment
both an underrepresentation and misrepresentation of lowmicrophysics (MG, Morrison and Gettelman, 2008) as well
level clouds (Kay et al.,, 2012). CAM5 introduced a ma- as modal prognostic aerosol schemes (Liu et al., 2012), and
jor improvement in the treatment of cloud-topped bound-hence it is how possible to represent indirect aerosol ef-
ary layers with the inclusion of the University of Wash- fects in these GCMs. Cloud-aerosol interactions could ben-
ington Moist Turbulence scheme (UWMT; Bretherton and efit from a unified parameterization of the PBL and shal-
Park, 2009) and the UW shallow convection scheme (UWSCjow convection, because a unified parameterization can drive
Park and Bretherton, 2009). Unlike CAM4, the UWMT and a single microphysics scheme (MG). Guo et al. (2010) pre-
UWSC schemes are designed to interact with each othesented SCM results of CLUBB implemented into the Geo-
Other GCMs have also updated their parameterizations fophysical Fluid Dynamics Laboratory (GFDL) Atmosphere
shallow convection and turbulent transports over the lastModel (AM) version 3 (Donner et al.,, 2011). This paper
decade (e.g. Lock et al., 2000; von Salzen and McFarlanemarks the first time that such a parameterization has been
2002). In addition, super-parameterized GCMs are also inmplemented in CAM.
the process of updating their treatment of shallow convec- This paper is organized as follows. Secti@rprovides
tion and PBL turbulence in coarse-grid cloud resolving mod-a brief description of CAM5 and details the coupling of CAM
els (e.g. Cheng et al., 2011; Bogenschutz and Krueger, 2012yith CLUBB. Section3 shows single-column simulations by
Larson et al., 2012). CAM5 and CAM-CLUBB for various boundary layer cloud
This paper describes the coupling of CAM with a rel- regimes. Here sensitivities to the time step and vertical reso-
atively new turbulence and shallow convection schemelution are elucidated. Secti@ghprovides discussions, conclu-
Known as Cloud Layers Unified by Binormals (CLUBB; Go- sions, and plans for future work.
laz et al., 2002, 2007; Larson and Golaz, 2005), this param-
eterization is based on a higher-order turbulence closure that
uses an assumed trivariate probability density function (PDFp  Model development
of vertical velocity, temperature, and total water in order to
close turbulent moments and cloud macrophysical quanti2.1  Brief description of CAM5
ties in a physically consistent manner. Whereas the UWMT
scheme is based on downgradient diffusion, CLUBB inte-The Community Atmosphere Model (CAM) version
grates the predictive equations of four first-order moments5 (Neale et al., 2011) is used as the control (hereafter referred
eight second-order moments, (including the vertical transto as CAM-BASE) model in this study. CAM-BASE repre-
ports of heat and moisture) and one third-order momentsents nearly a complete overhaul in physical parameteriza-
Predicting higher-order moments allows for the representatjon options from CAM4, with the exception of the deep con-
tion of non-local sources and sinks of turbulent transport.vection scheme (Zhang and McFarlane, 1995; Neale et al.,
CLUBB is also flexible in that it utilizes an assumed dou- 2008; Richter and Rasch, 2008). The boundary layer scheme
ble Gaussian PDF to compute important cloud macrophysis based on downgradient diffusion of moist conserved vari-
ical properties such as cloud fraction and liquid water mix- ables (UWMT; Bretherton and Park, 2009). The shallow con-
ing ratio consistently with the PDF of total water. The as- vection scheme in CAM-BASE is Park and Bretherton (2009;
sumed double Gaussian PDF accommodates trade-wind cujwScC), while cloud macrophysics is computed according
mulus regimes, whose vertical velocity and cloud propertiesto Park (2010). Morrison and Gettelman (MG; 2008) two-
tend to be highly skewed, as well as stratocumulus, whoseénoment stratiform microphysics for both liquid and ice is
vertical velocity and cloud properties tend to be closer toused in CAM-BASE, as described in Gettelman et al. (2010).
Gaussian (Larson et al., 2002). Aerosols are predicted according to Liu et al. (2012).
The computational cost of CLUBB is reduced relative
to a to full third-order turbulence closure because any tur-2.2 Description of CAM-CLUBB
bulent moments that are a combination of vertical veloc-
ity, temperature, moisture, or liquid water can be closed byThe new configuration of CAM, referred to as CAM-
integrating over the PDF. This avoids the need to predictCLUBB, differs from CAM-BASE in terms of physical
the additional moments or to use closure assumptions thgparameterization options. In CAM-CLUBB, the UWMT,
may or may not be consistent with each other. Cheng andJWSC, and the Park cloud macrophysics schemes are all
Xu (2006) show that this “incomplete” third-order closure turned off. CLUBB (Golaz et al., 2002) is therefore respon-
using an assumed PDF more accurately represents boundasjble for providing tendencies due to boundary layer mixing
layer clouds compared to fully prognostic third-order clo- and shallow convection to CAM in a single parameterization
sure, due to consistent closure relationships via the assumeghll. This is attractive because it ensures that there are no in-
PDF. In addition, a scheme such as CLUBB is attractiveconsistencies between separate PBL and shallow convection
for use in a GCM because it provides statistical momentsschemes, for example.
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CLUBB is inherently different from the moist turbulence conversion and accretion process rates. In addition, aerosol
and shallow convection schemes currently used in CAM-activation could benefit from CLUBB's SGS PDF by inte-
BASE in the sense that it represents what is commonly regrating over the PDF of vertical velocity (Ghan et al., 1997)
ferred to as an “incomplete” (i.e. Cheng and Xu, 2006; Golazas calculation at a single updraft velocity is done only for
et al., 2002) predictive third-order turbulence closure. Thiscomputation expedience and it is an approximation that is
closure assumes a PDF shape in order to determine clouduestionable if the PDF of vertical velocity is skewed.
macrophysics quantities as well as to close turbulent mo- Larson et al. (2012) list several advantages of CLUBB for
ments that are needed in the governing equations. The cuapplication to cloud resolving models, and many of those ad-
rent version of CLUBB predicts, (liquid water potential  vantages also pertain to GCMs. Among the most important
temperature)g; (total water mixing ratio) (zonal wind),  advantages is that CLUBB helps solve the problem of sepa-
v (meridional wind) /2, v'2, ? ? W wqf, W w'2, rate and hence inconsistent microphysics parameterizations.
For instance, convective schemes in GCMs, such as the deep
and shallow convection schemes in CAM-BASE, often con-
tain their own microphysics parameterizations, which dif-
fer from the stratiform microphysics. Separate microphysics
parameterizations have been developed, likely because sub-

andw’3 (wherew is vertical velocity). Formulations for these
predictive equations can be found in Golaz et al. (2007),
and the formulations for’2 andv’2 can be found in Lar-
son et al. (2012). CLUBB does not predict the momentum

77 Y ; i
fluxesu’w’ andv'w, as these terms are diagnosed accord-g i\ iapility in cumulus clouds is quite different from

ing to GolaLtal./(ZOOZ). Any higher-order moment in the stratiform clouds. However, since the fundamental equations
form of w™§"q;°q)” (whereg, is liquid water mixing ra-  of microphysics are the same in cumulus and stratocumu-
tio) can be closed by integrating over the assumed triple-joinfys the use of separate microphysics parameterizations for
PDF. The triple joint PDFP (6, gt, w), is assumed to be an  these two regimes is physically undesirable. CLUBB, on the
analytic double Gaussian PDF. Larson et al. (2002) and Bopther hand, can drive the MG microphysics scheme for both
genschutz et al. (2010) show that a PDF of a double Gausregimes since it uses a single joint PDF that is general enough
sian form is more flexible and more realistic than a singletg represent both cumulus and stratocumulus. This negates
Gaussian or delta function as it can properly represent thehe need for a separate shallow cumulus microphysics pa-
often skewed distributions of a cumulus layer. For the transyameterization such as Park and Bretherton (2009) and offers
port of scalars in CAM-CLUBB (such as ice mixing ratio, ice 3 more unified treatment of cloud-aerosol interactions and
number concentration, chemistry constituents, etc.), a simpl§oundary-layer clouds. However, it should be mentioned that
downgradient diffusion model is used with an eddy diffusiv- 5 tighter coupling between CLUBB and microphysics in fu-
ity coefficient as a function of CLUBB's turbulence length tyre versions of CAM-CLUBB will also help in representing

scale and turbulence kinetic energy. Future implementationgerosol effects on cloud dynamics (Guo et al., 2011).
of CAM-CLUBB could transport scalars through CLUBB'’s

high-order predictive equations.
In addition to providing temperature, moisture, and mo- g Single-column experiments
mentum tendencies due to boundary layer turbulence and

convection, CLUBB also computes cloud fractiafi)(and  \we use single-column CAM (SCAM) simulations as an ini-
cloud liquid water mixing ratio from the assumed joint tjg| framework to test the implementation of CLUBB into
PDF. These are important macrophysical cloud quantitiescam, since it avoids the computational cost and complex-
that are needed for computation of radiative, microphysical,ity of a full GCM (Randall et al., 1996). In addition, single-
and aerosol processes. In addition, a SGS vertical velocity;olumn testing allows for direct comparison with LES, which
is needed for aerosol activation because droplet activatiogse the same large-scale forcing and initial conditions as
depends on local rather than grid-scale vertical velocity. Ingyr tests. We test CAM-CLUBB on six diverse regimes of
CAM-BASE this is done by deriving the SGS vertical veloc- houndary layer clouds, as listed in TahleThese range from
ity (w’) from the diagnosed TKE computed in the UWMT {rade-wind cumulus, stratocumulus, a transitional regime in
scheme, as described in Morrison and Gettelman (2008). Ijyhich cumulus is present under stratocumulus, to continen-
CAM-CLUBB the w" is derived from the predicted value of ta| shallow cumulus. LESs have been performed for these
w’2 and in large eddy simulations (LESSs) it is computed asregimes using either the COAMPS LES (Golaz et al., 2005)
w =V w2, or the System for Atmospheric Modeling (SAM; Khairout-
Currently there is no change in the formulation of the dou-dinov et al., 2003). These LES simulations provide a bench-
ble moment MG microphysics scheme to account for themark for comparisons with the SCAM simulation.
SGS variability predicted by CLUBB. However, future im-  Although the operational version of CAM uses coarse ver-
plementations of CAM-CLUBB will include revised formu- tical grid spacing 4z) corresponding to 30 grid levels and
lations to take into account SG? andql’_q; (whereg, is a time step Ar) of 1800s, it is important to address sensi-

rain mixing ratio), for instance, for consideration in auto- tivity to Ch‘?‘”g?s iMz andAr in order to ant,|C|pate physics
parameterization performance when CAMs and At are
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Table 1. Summary of cases used for single-column CAM testing

P. A. Bogenschutz et al.: High-order turbulence closure for CAM

Cases Full name

Regime type References

DYCOMS2-RF01 Dynamics and
Chemistry of

Stratocumulus

Maritime
stratocumulus

Stevens et al. (2005)

DYCOMS2-RF02 Dynamics and
Chemistry of

Stratocumulus

Maritime
drizzling
stratocumulus

Ackerman et al. (2009)

ATEX Atlantic Trade Maritime Stevens et al. (2001)
Wind Experiment cumulus under
stratocumulus
BOMEX Barbados Oceanographic  Marine shallow  Siebesma et al. (2003)
and Meteorological cumulus
Experiment
RICO Rain in Cumulus Precipitating Rauber et al. (2003)
Over Ocean marine shallow
cumulus
ARM Atmospheric Continental Brown et al. (2002)

Radiation Measurement  shallow cumulus

refined with advances in computational performance. For thithan CAM-BASE. For the host model time steps of 2100s
reason, the BASE and CLUBB versions of CAM are config- and 2400 s, CAM-CLUBB is only 6 % and 10 % more expen-
ured with a variety of host model time steps§ and vertical  sive, respectively, than CAM-BASE. Because using a 5-min
grid spacings4z). For each cloud case, the number of levels time step for CLUBB does not impose undue computational
tested are 30, 60, 90, 120, 150, 180, 210, and 240, while theost, there is limited incentive to lengthen CLUBB’s time
values ofAr tested are 60, 300, 600, 900, 1200, 1500, 1800,step.
2100, and 2400 s. For eady, configuration, the model top In this study, we will examine how CAM-BASE and
pressure is- 2.5mb, with a stretched grid that is refined near CAM-CLUBB represent SGS vertical velocity and droplet
the surface. Each combination&t andAr are tested, yield- number concentration since these components are important
ing a total of 72 tests for each case and model configurafor aerosol activation and indirect aerosol effects. Neverthe-
tion. In all simulations, the vertical grid seen by all param- less, this study mostly focuses on assessing how CAM-BASE
eterizations, including CLUBB, is the same as the verticaland CAM-CLUBB differ in their representation of cloud
grid of the host model. In addition, all parameterizations in macrophysical quantities such as cloud fraction and cloud
CAM-BASE use the same time step as the host model. Howimixing ratio. To help isolate the cloud effects, we use pre-
ever, in CAM-CLUBB, the CLUBB time step is held fixed at scribed aerosols, instead of the predictive aerosol option in
5min (Golaz et al., 2007), except for the simulation with the CAM. While this study only simulates cloudy boundary layer
hostAr = 60s; in that case, CLUBB'A¢ is also 60 s. regimes, the deep convection scheme (Zhang and McFarlane,
One may argue that the relatively short CLUBB time step 1995) is left turned on but is largely inactive for both CAM-
does not result in a fair comparison of CAM-CLUBB and BASE and CAM-CLUBB for all simulations presented.
CAM-BASE at similar host model time steps. However, it is
important to point out that UWMT, UWSC, and Park macro- 3.1 Trade wind cumulus
physics schemes all have their own sub-stepping loops built
into the parameterizations, which are analogous to CLUBB'SThijs section presents results of two trade-wind cumulus
sub-time Step. The default number of iterations is five for cases: one non-precipitating (BOMEX) and one precipitat-
UWMT, two for UWSC, and two for Park macrophysics. jng (RICO).
Experimenting with the number of iteration cycles in CAM-  Figure1 displays model sensitivity tanr and Az for both
BASE parameterizations is explored in this paper. HowevercAM-BASE and CAM-CLUBB for the BOMEX case of
it is important to note that, at the operational 1800-s timenon-precipitating shallow cumulus. The top row shows the
step, CAM-CLUBB’s computational cost is quite compara- piases of integrated low cloud amount averaged over the last
ble to CAM-BASE, as it is only 4% more expensive. When 2 h of the simulation for each CAM configuration. The LES
the hostAr < 12005, then CAM-CLUBB is slightly cheaper yalue ( = 0.12) is denoted in the model configuration cell
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Fig. 1. Biases of vertically integrated low cloud amoyat b) and liquid water patlic, d) from SCAM-BASE(a, c)and SCAM-CLUBB(b,
d). Displayed is the BOMEX case of non-precipitating trade-wind cumulus, averaged over hours 4—6 of the simulation. Plotted in each cell
is the bias computed with respect to LES for a different valuaodndAz. The cell marked “LES” indicates the configuration with the best

match with the large eddy simulation (LES) for the particular variable. The value in this box is the value computed by LES for this regime.

that corresponds to the best match with LES. Light hues in-macrophysics were all set equal to the number of CLUBB
dicate a relatively small bias, whereas dark hues represersub-time steps for each respective host model time step. Re-
a large bias. White cells indicate near perfect agreement wittsults (not shown) looked nearly identical to those of Hig.
LES. The BOMEX case is characterized by small cloud frac-Increasing the number of iterations for CAM-BASE pa-
tion, which is often difficult for moist parameterizations to rameterizations for BOMEX at high vertical resolution and
simulate accurately due to the highly skewed nature of thecoarse time step smooths the mean time profiles, but other-
cloud and turbulence properties of this regime. This is truewise does not much change the overall result. In addition,
for CAM-BASE, which tends to overestimate the integrated these SCAM-BASE simulations were more expensive than
cloud fraction at most configurations af andAz, although ~ SCAM-CLUBB simulations for nearly al\r configurations.
the CAM-BASE bias is small at operational resolution. The Figure 2 displays the horizontally and temporally aver-
overestimate becomes most pronounced when the numbeged profiles of cloud fraction ang for simulations using
of levels andAt¢ increases. Similar sensitivities can also be At = 300s, with 30 and 240 vertical levels. While this time
found in the temporally averaged liquid water path (LWP) re- step is much smaller than that traditionally used in GCMs,
sults (Fig.1c) for CAM-BASE. CAM-CLUBB, on the other it is selected because CAM-BASE profiles are quite noisy
hand, shows a slight negative bias for both integrated cloudor the operational time step when the vertical grid spacing
fraction and LWP. However, it shows much less sensitivity tois fine. For both simulation configurations, CAM-CLUBB
changes imr andAz, even for configurations with high ver- properly represents cloud base and cloud top, and it reason-
tical resolution and coarse time step, which is an encouragin@bly simulates cloud amount and coverage. While cloud frac-
result. tion suffers from a systematic negative bias near cloud base,
Another experiment was performed in which the num- ¢, simulated by CAM-CLUBB compares well with LES. As
ber of allowed iterations for the UWMT, UWSC, and Park
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Fig. 2. Temporally averaged profiles of cloud fraction, cloud liquid water mixing ratio, SGS vertical velocity, and droplet number concen-
tration from hours 4-6 of the simulation for the BOMEX case of non-precipitating trade-wind cumulus. LES is denoted by the solid black
line, and SCAM simulations are denoted by the colored lines. Displayed here are simulations with 30 vertical levels (solid) and 240 vertical
levels (dashed), both using/e = 300s time step. Note that the minimum allowable SGS vertical velocity in CAM is 02lms

suggested in Fidl, the robustness to changesAn for this cloud base in CAM-BASE is from the UWMT scheme. As
case is remarkable. BOMEX is a purely trade-wind cumulus regime, one would
The simulated profiles of CAM-CLUBB appear to im- expect the cloud to be represented solely by a shallow con-
prove upon those simulated by CAM-BASE. While CAM- vection scheme. Since CLUBB is a unified parameterization
BASE profiles of cloud fraction angi are clearly represen- of PBL and shallow convection that produces all cloud, this
tative of a trade-wind cumulus regime, both configurationscounter-intuitive behavior is avoided.
of Az suffer from cloud fraction that is too large and cloud CAM-CLUBB’s SGS vertical velocity profile (Fig2c)
layers that are too shallow. Note that cloud fraction profilesis improved when compared to CAM-BASE in both the
are substantially different than those presented in Park andub-cloud mixed layer (roughly below 950 hPa) and in the
Bretherton (2009). This is because that study presented onlgloud layer. The SGS vertical velocity in the cloud layer
the cumulus cloud fraction and neglected the stratiform confor CAM-BASE defaults to the minimum allowable value
tribution. Here we show the shallow convective plus strat-of 0.2ms ™ for nearly all choices ofAz, suggesting that
iform cloud. One possible reason CAM-CLUBB simulates the UWSC scheme dominates at these levels, as one would
better cloud depth is that the vertical velocity distribution expect. Therefore, the separate microphysics scheme within
near cloud top is highly skewed (not shown), as only a fewthe UWSC parameterization is active in the cumulus lay-
clouds of this regime reach these heights. In CLUBB is ers. In contrast, since CAM-CLUBB utilizes the MG mi-
simulated well and hence the cloud macrophysical quantitiegrophysics scheme for shallow cumulus as well as stratiform
benefit. CAM-BASE appears to simulate only the numerouscloud, CAM-CLUBB's representation af” and MG micro-
shallow clouds that occur near cloud base. It is also impor{hysics are available to activate aerosol and predict droplet
tant to mention that about half of the cloud produced nearconcentration in a unified manner.
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Fig. 3. Same as Figl, except for the bias of surface precipitation rates from the RICO case of precipitating trade-wind cumulus, averaged
over hours 18-24.

The above presentation demonstrates that CAM-CLUBBsimilar behavior to that of Figl for both CAM-BASE and
produces reasonable results for the challenging regime o€AM-CLUBB and is therefore not displayed here.
non-precipitating trade-wind cumulus clouds. The precipi- CAM-CLUBB captures the timing of the onset/decay of
tating trade-wind cumulus case (RICO) was also performedcumulus clouds in response to surface forcing fairly accu-
with CAM-BASE and CAM-CLUBB. We found similar rately (Fig.4). While cumulus initiation and decay are both
quality results for cloud fractiony, w’, andNg (cloud num-  delayed and the integrated cloud fraction is underestimated,
ber concentration) as displayed in the BOMEX case (notthe CAM-CLUBB configuration shows improvement when
shown). Figure3 illustrates both CAM-BASE and CAM- compared to CAM-BASE. CAM-BASE tends to predict too
CLUBB's ability in representing the light precipitation rates much fog early in the simulation and fails to dissipate the
observed in this case for all combinations &t and At. clouds near the end of the simulation in response to declin-
CAM-BASE has a tendency to overpredict the amount ofing surface fluxes.
rain that reaches the surface for this drizzling cumulus case Overall, it appears that CAM-CLUBB can treat shallow
for nearly all configurations oAz and Ar. Oftentimes this  cumulus (both maritime and continental) with fidelity. This
overestimation reaches a factor of three or four and is likelyis an encouraging result, as many recent studies (Gettelman
due to the CAM-BASE tendency to overpredict the liquid et al., 2012; Medeiros et al., 2008) suggest that shallow cu-
water and cloud amount. Most of the precipitation producedmulus convection contributes more strongly than stratocumu-
for CAM-BASE comes from the shallow convection mi- lus clouds to climate feedbacks and sensitivity, due partly
crophysics scheme. CAM-CLUBB's results are more robustto the large area of the globe covered by shallow cumulus.
across theAr and Az spectrum and in better agreement with However, while maritime stratocumulus clouds cover a much
surface precipitation computed from the LES. The highersmaller portion of the global ocean, they are significant mod-
precipitation rates could also be a reason for the excessivalators of the Earth’s radiation budget and increase the over-
shallowness of simulated cumulus layers in CAM-BASE.  all albedo (Hartmann et al., 1992) and must also be properly

represented in GCMs. Therefore, the next test is to examine
) stratocumulus and transitional regimes.
3.2 Continental cumulus

3.3 Cumulus under stratocumulus
The continental cumulus case that we investigate was ob-
served over the ARM site in Oklahoma (Brown et al., 2002). Transitional regimes are typically found downwind of clas-
The ARM case is qualitatively different than the maritime sical maritime stratocumulus regimes and consist of trade-
shallow cumulus case in that the ARM clouds are diurnallywind cumulus underneath broken stratocumulus. Hence,
driven by time varying surface sensible heat fluxes, surfacehis regime combines qualitative properties of both cumu-
latent heat fluxes, and large-scale forcings as opposed to thas (i.e. BOMEX or RICO) as well as stratocumulus (i.e.
guasi steady state reached in the BOMEX and RICO caseDYCOMS2-RFO01). It is important that any physics param-
Therefore, the ARM case allows us to test the timing of onseteterization be able to represent this type of regime in order to
and decay of convection, in which clouds form over an ini- achieve realistic global distributions of shortwave cloud forc-
tially clear convective boundary layer. The representation ofing. We use the ATEX case as a benchmark for the stratocu-
C andg to changes im\z and Ar for the ARM case exhibits  mulus over cumulus regime, which was studied in the LES
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Fig. 4. Temporal evolution of the integrated low cloud fraction and liquid water path from the simulations of ARM case of continental
shallow cumulus with 30 vertical levels and a 60-s time step.
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Fig. 5. Same as Figl except averaged over hours 4-8 of the simulation for the ATEX case of cumulus under stratocumulus.

intercomparison of Stevens et al. (2001). Each different LESATEX simulation for hours 4-8 of the simulation. Integrated
in that study was able to capture the general characteristicsloud fraction amounts for CAM-CLUBB are clearly more
of this regime; however, cloud amounts at inversion top var-sensitive for this case than they were for the shallow cumu-
ied greatly between codes (with vertically integrated cloudlus cases, with values ranging from 0.25 to 0.98, depend-
fractions ranging from 0.2 to 0.8). ing on the simulation configuration and with less of a dis-
Figure 5 displays the biases of CAM-BASE and CAM- cernible pattern. However, CAM-CLUBB tends to have more
CLUBB for the integrated cloud amount and LWP for the instances where the integrated cloud fraction and LWP match
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Fig. 6. Same as Figl, except for the bias of surface precipitation rates from the ATEX case of cumulus under stratocumulus, averaged over
hours 4-8.
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Fig. 7. Same as Fig2 except SCAM profiles represent ATEX simulations averaged over hours 4-8, withAixed300s and 30 and 240
vertical levels.

LES (0.42 and 20gm?), indicated by a clear or lightly figurations using high vertical resolution, suggesting that this
hued cell, when compared to CAM-BASE. There are sev-particular regime requires fine vertical grid spacing, as one
eral instances where LWP and integrated cloud fraction rewould expect. Meanwhile, simulated LWP and integrated
semble a purely stratocumulus (Sc) regime for CAM-BASE, cloud fraction tend to degrade as vertical resolution becomes
and a few instances of this for CAM-CLUBB. For CAM- finer at longer time steps in the CAM-BASE configuration.
CLUBB it appears that this sensitivity is ameliorated for con-
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Fig. 8. Same as Figl except averaged over hours 4—6 of the simulation for the DYCOMS2-RF01 case of maritime stratocumulus.

It is important to note that ATEX is an observationally expect. Similar to results from BOMEX, CAM-CLUBB has
non-precipitating case, although in these simulations we keep. good representation @f’ throughout the boundary layer;
the microphysics turned on and allow precipitation in or- however, CAM-BASE underestimatas throughout the en-
der to obtain a less idealized and more realistic simula-tire cloud layer.
tion. For 94% of the simulations, CAM-CLUBB (Fid)
correctly predicts a zero surface precipitation rate wherea$-4 Maritime stratocumulus

CAM-BASE produces large biases with precipitation rates of

0.4mmday? or higher (up to 2mmdayt) for 70 % of the The last regime we examine is a maritime stratocumulus
simulations. It appears that the majority of this precipitation '€9ime, namely the DYCOMS2-RFO1 (hereafter RFO1) and
is generated by the UWSC scheme. DYCOMS2-RF02 (hereafter RF02) cases. RFO1 is challeng-
Figure 7 displays the temporally averaged profiles @f ing case in whlch the. stratocgmulus cl_oud deck was ob-_
and ¢ for CAM-BASE and CAM-CLUBB between hours served to persist despite classical theories that suggested it
4-8 of the ATEX case for 30 and 240 levels and fixed—= should have dissipated over time (i.e. Randall, 1980). RF02
300s. This figure shows that both configurations of CAM- is a marine Sc case that was observed to contain drizzle (Ack-

CLUBB are able to realistically represent the basic structure'man et al., 2009). The standard GCSS case setup for

of the cumulus under stratocumulus regime. Although cloudRFO01 (Stevens et al., 2005) is a 6-h nocturnal simulation
top C andg, are underestimated for the 30-level case bothWith prescribed and constant surface and latent heat fluxes.

CAM-CLUBB curves are within the range of the LES en- The setup we use is identical to that described in Stevens
semble of Stevens et al. (2001). In addition, CAM-CLUBB ©t al- (2005), except that we extend the case to four days
profiles appear to be more realistic than CAM-BASE pro- with a diurnal cycle in radiative forcing. The GCSS averag-

files, which tend to place the vertical maximums@®fand ing interval is still examined for direct comparison with LES

g1 in the levels where cumulus, rather than stratocumulus /" CAM-BASE and CAM-CLUBB. However, we expect the
arine Sc to persist through the four-day period.

should be prevalent. This overrepresentation occurs becausB’ ) e
both the UWSC and UWMT schemes are active near cloud_ First we examine the sensitivity of CAM-BASE and
base. However, near Sc cloud top, nearly all cloud is pro-CAM-CLUBB to Az and Az for the GCSS averaging in-

duced from the Park stratiform macrophysics, as one would€"val of hours 4-6 of the simulation. Figuge displays
the biases in integrated low cloud amount (top row) and
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Fig. 9. Same as Fig2 except SCAM profiles represent DYCOMS2-RF01 simulations averaged over hours 4-6, with fixed 30 and 60 vertical
levels andAr = 1800s.

LWP (bottom row). Unlike the results for the convective cu- Temporally averaged profiles of CAM-BASE and CAM-
mulus cases, results between the two model configuration€LUBB can be viewed in Fig9 over the GCSS averaging
do not differ greatly. This is in agreement with Bretherton interval. In this figure the configurations use the operational
and Park (2009), who showed that the UWMT scheme is rotime step ofAt = 1800s for 30 and 60 levels. While CAM-
bust to changes ir\z for marine stratocumulus. LES sug- CLUBB predicts less cloud coverage for the operational 30
gests an integrated low cloud amount, and it appears that grid level when compared to CAM-BASE, the levels of cloud
both CAM configurations can produce solid cloud cover for base and cloud top are better represented for CAM-CLUBB
mostAz andAt configurations. The largest (negative) biasesfor both Az configurations. For the case of 60 vertical levels,
for both CAM-BASE and CAM-CLUBB occur for the op- CAM-CLUBB has better agreement with LES férandg,
erational 30-level configurations. Upon examination of theboth in terms of vertical placement and magnitude. While it
LWP, it is evident that almost all simulation configurations is evident that CAM-CLUBB is more sensitive to changes in
overestimate this quantity. This is surprising since one mightAz for this case, the improvement for the 60 level case over
expect parameterizations to underestimate cloud water foCAM-BASE is encouraging.
RFO1 due to the very dry air in the free troposphere. How- Interms of SGS vertical velocity, CAM-CLUBB underes-
ever, this positive bias appears to be due to the tendency dfmatesw’ for the 30-level case. This occurs probably be-
both CAM-BASE and CLUBB parameterizations to produce cause there is a lack of cloud cover and mass compared
cloud layers that are slightly too thick compared to LES, to LES, which acts to reduce cloud-top feedbacks that are
which is consistent with the findings of Zhu et al. (2005). necessary to maintain an adequately turbulent mixed layer.
However, bias patterns and magnitudes are similar for CAM-Along with SGS vertical velocity, accurate representation of
BASE and CAM-CLUBB. Ny is also required to represent aerosol indirect effects. In
both simulationsNy is predicted by the MG microphysics
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Fig. 10.Evolution of the cloud liquid water mixing ratio (gkg) for CAM-BASE (a, c)and CAM-CLUBB(b, d) for the four-day simulation
of DYCOMS2-RFO01 using 30 vertical levels and = 18005s(a, b) and 240 vertical levels antr = 60s(c, d).

scheme, and both CAM-BASE and CAM-CLUBB simula- abruptly for the high-resolution simulation. Upon investiga-
tions can adequately represent this quantity. However, CAM{ion, it appears that, during the day time period, once decou-
CLUBB underestimated/y using 30 levels, due to the under- pling of the boundary layer occurs, the UWSC takes over the
estimation of cloud mass as well a$. Overall, the simula- UWMT scheme and the Sc deck undergoes a transition to
tions of RFO1 for both CAM-BASE and CAM-CLUBB do a more cumulus-like state. This is consistent with forecasts
not vary greatly during the GCSS averaging interval. of stratocumulus in Medeiros et al. (2012). CAM-CLUBB,
Next we test whether either configuration can maintainon the other hand, maintains the cloud in both configurations
the cloud through the entire four-day period, including the for the entire four day period, with a diurnal cycle present
daytime periods when the cloud is expected to thin due tan both grid simulations. Note that the strong oscillations for
incoming shortwave radiation and decouple from the well-both CAM-BASE and CAM-CLUBB in the 30-level config-
mixed layer below (Krueger et al., 1995). The cloud deck isuration appear to be related to the rather coarse time step as
expected to regain its optical thickness during the nighttimethese oscillations do not appear in the 30-level configuration
when longwave radiational cooling at cloud top becomes thewith Ar = 60s (not shown).
dominate source of turbulence. This can be thought of as The second marine Sc case we investigate is the RF02
a more “real world” test for GCM parameterization. case, which is set up in SCAM exactly as described in Ack-
Figure 10 displays the evolution of the cloud water mix- erman et al. (2009). This case is often thought to be easier
ing ratio for both CAM-BASE and CAM-CLUBB for the to simulate than RF01 because the inversion for both tem-
entire four-day simulation. We test an operational con-perature and moisture is not quite as sharp above cloud top.
figuration with 30 levels andAr = 1800s (top row) and Indeed, intercomparison agreement among LES is better for
a high-resolution configuration with 240 levels and = RFO02 (Ackerman et al., 2009) than for RF01 (Stevens et al.,
60s. For both configurations, CAM-BASE tends to dissipate2005). Unlike the RF01 case, we only simulate this case over
the cloud, gradually for the coarse-resolution simulation andthe 6-h GCSS interval.
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Fig. 11.Same as Figl except averaged over hours 4—6 of the simulation for the DYCOMS2-RF02 case of maritime stratocumulus.

While CAM-CLUBB's sensitivity of integrated cloud cases or transitional ATEX case. This is especially clear
fraction to changes il\z and At is decidedly more robust when evaluating the GCSS averaging intervals for nocturnal
for RFO2 compared to RFO1 (Fi@l), LWP has more varia- stratocumulus. However, when a diurnal cycle is considered,
tion for both model configurations. This is somewhat surpris-it appears that CAM-CLUBB can maintain the cloud deck
ing and suggests that the CAM microphysics scheme couldhrough the simulation more successfully than CAM-BASE,
be playing more of a role here than in the non-precipitatingowing to interactions between the separate turbulence and
RFO1 case. Whereas LES suggests a LWP of 107gm shallow convection schemes.
more often than not CAM-BASE and CAM-CLUBB either
underestimate or overestimate this value. However, the mini- _
mum LWP values by both model configurationsgogm2) 4 conclusions
are still representative of a marine stratocumulus regime. "This paper describes the coupling of CAM with a rela-

_s_hould be noted thaF, for_both RFO1 and RF02, the SenSItlV'tively new parameterization, CLUBB. CLUBB is a higher-
ities of surface precipitation rates tor and Az are nearly

identical for CAM-BASE and CAM-CLUBB. Therefore, an order 'Furbulence .glosure pased upon an assumed double
o Gaussian probability density function (PDF). The assumed
analogous plot to Fig3 is not shown for these cases. .
) : ; PDF is used to compute many unclosed turbulent moments
Figure 12 displays the temporally averaged profiles over and cloud macrophysical quantities, such as cloud fraction
hours 4-6 of cloud fractiony, w’, and Ng for CAM-BASE pny q .

and CAW-CLUBB for the DYCOMS2-RF02 case. The tme 0 eS8 BRI el P2, B0 0 et e
step in these profiles is fixed vt = 300s with the 30 and y P

240 vertical levels. In terms af andg;, there is very little GCMs as itis responsible for providing the tendencies of tur-

difference seen between CAM-BASE and CAM-CLUBB. bulent mixing from the PBL, shgllovy convection, and CIOUd.
: . macrophysics in one parameterization call rather than split-
Overall, the differences seen in the stratocumulus

cases (RFO1 and RFO02) between CAM-BASE and CAM-tmg these duties among sev_eral d|ff_erent parameter|zat|or_15
: . that may or may not be consistent with one another. In addi-

CLUBB are smaller than the differences seen in cumulus,. ; : : .
tion, CLUBB drives a single microphysics scheme (MG) for
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Fig. 12. Same as Fig2 except SCAM profiles represent DYCOMS2-RF02 simulations averaged over hours 4—6, with fixed 30 and 240
vertical levels and\r = 300s.

both shallow convection and stratiform cloud, whereas theCAM-BASE and CAM-CLUBB is performed for a variety
shallow convection scheme in CAM-BASE has its own treat- of temporal and vertical resolutions, with the main model
ment of microphysics. Therefore, CLUBB allows for a more time step,A¢, varying from 60s to 2400s andz varying
unified treatment of cloud-aerosol interactions. from configurations utilizing 30 levels to 240 levels. The op-
For the coupling of CAM with CLUBB described in this erational configuration of CAM consists afr = 1800s and
paper, CLUBB replaces the University of Washington Moist 30 vertical levels. It is important to note that, in this study,
Turbulence (UWMT, Bretherton et al.,, 2009) scheme, theCLUBB is subcycled with a time step of 5min, whereas
University of Washington Shallow Convection (UWSC; Park CAM-BASE's cloud parameterizations are not subcycled but
and Bretherton, 2009) scheme, and the cloud macrophysicsather use the full model time step of 1800 s. However, using
scheme in CAM5. The physics that are retained in CAM- CLUBB with a time step of 300 s increases the overall com-
CLUBB include the deep convection (Zhang and McFar- putational cost by only 4 % relative to the standard configu-
lane, 1995; Neale et al., 2008; Richter and Rasch, 2008)ration of CAM-BASE, in which a time step of 1800 s is used
aerosol (Liu et al., 2011) and microphysics schemes (Mor-for all parameterizations. CLUBB’s subcycled time step is
rison and Gettelman, 2008). In the CAM-CLUBB configu- analogous to the iteration loops in the CAM-BASE physics
ration, the SGS vertical velocity() is computed from the options that are shut off in CAM-CLUBB. Furthermore, ex-
predictedw’2 and is passed to the aerosol activation schemeperiments suggest that increasing the number of iteration cy-
Results from single-column CAM (SCAM) testing were cles for CAM-BASE parameterizations does not necessarily
presented in this paper for a wide range of boundary|ead to better results at coarse host model time steps.
layer regimes. These include shallow cumulus, transitional For cases of shallow cumulus convection (i.e. BOMEX,
regimes, as well as maritime stratocumulus regimes. To tesRICO, and ARM), it appears that CAM-CLUBB has ad-
the robustness of the models, a direct comparison betweewiantages compared to CAM-BASE. For all shallow cumulus
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cases that we tested, CAM-CLUBB is more robust to shallow cumulus regimes, with their widespread coverage
changes inAr and Az while providing results that are in across the globe, contribute most strongly to climate sensi-
better agreement with LES. CAM-BASE tends to producetivity and feedbacks.
cumulus layers that are too shallow and cloudy, likely due to  Although these single-column results are promising, the
limitations of the mass flux scheme to represent the highlykey test will involve running CAM-CLUBB globally. The
skewed vertical velocity statistics of this regime. In con- hope is that the same caliber results found in these single-
trast, CAM-CLUBB predictsy’3 and hence vertical velocity ~column simulations will transfer over to multi-year and
skewness, which allows for more accurate representation oflecadal global simulations. For this study, none of the tun-
this regime, with SGS vertical velocity values in the cloud able parameters within CLUBB were modified. However,
layer that highly resemble those from LES. In addition, sur-tuning may become necessary in global simulations in or-
face precipitation rate for CAM-CLUBB, which relies on the der to achieve radiative balance or realistic distributions of
MG microphysics for this regime, is in better agreement with cloud radiation forcing, for example. Future work will in-
LES and observations for the RICO case. In the CAM-BASE volve investigating the aerosol indirect effect, climate sensi-
simulations, the UWMT moist turbulence scheme is respon-ivity, and feedbacks of CAM-CLUBB as compared to CAM-
sible for contributing to the overly cloudy layers in the shal- BASE as well as other GCMs. One can take advantage of
low cumulus regime. Because CLUBB is a unified param-the SGS variability provided by CLUBB to generate sub-
eterization of shallow cumulus and the PBL, it avoids the columns (Pincus et al., 2006) and thereby avoid the use of
problem of the stratiform scheme contributing undesirably to“maximum-random” cloud overlap assumptions in both mi-
cumulus simulations. CAM-CLUBB also has the ability to crophysics and radiation parameterizations. In addition, as
represent a realistic cumulus under stratocumulus boundarinentioned throughout this paper, one can take advantage
layer, as shown by comparisons to LES in the ATEX case.of CLUBB’'s SGS PDF information for treatment of micro-
This result is especially encouraging as Kay et al. (2012)physics and aerosol processes. For example, one can use the
show negative low cloud biases for CAM4 and CAM5 in Vvariance of liquid water and covariance of liquid water and
tropical transition regions. rain water for computation of autoconversion and accretion

Results from the GCSS DYCOMS2-RF01 (RF01) and process rates. In addition, we can integrate over the PDF
DYCOMS2-RF02 (RF02) cases of stratocumulus showfor vertical velocity for the computation of aerosol activa-
fewer differences between CAM-BASE and CAM-CLUBB tion (Ghan et al., 1997). These treatments will be explored in
compared to the shallow cumulus cases. However, it is imfuture versions of CAM-CLUBB.
portant to note that running RFO1 for four days with a diurnal
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