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Abstract in this study, we investigate the sensitivity of simulated shallow cumulus and stratocumulus to
selected tunable parameters of Cloud Layers Unified by Binormals (CLUBB) in the single-column version of
Community Atmosphere Model version 5 (SCAM5). A quasi-Monte Carlo (QMC) sampling approach is
adopted to effectively explore the high-dimensional parameter space and a generalized linear model is
adopted to study the responses of simulated cloud fields to tunable parameters. One stratocumulus and
two shallow cumulus cases are configured at both coarse and fine vertical resolutions in this study. Our
results show that most of the variance in simulated cloud fields can be explained by a small number of tun-
able parameters. The parameters related to Newtonian and buoyancy-damping terms of total water flux are
found to be the most influential parameters for stratocumulus. For shallow cumulus, the most influential
parameters are those related to skewness of vertical velocity, reflecting the strong coupling between cloud
properties and dynamics in this regime. The influential parameters in the stratocumulus case are sensitive
to the vertical resolution while little sensitivity is found for the shallow cumulus cases, as eddy mixing length
(or dissipation time scale) plays a more important role and depends more strongly on the vertical resolution
in stratocumulus than in shallow convections. The influential parameters remain almost unchanged when
the number of tunable parameters increases from 16 to 35. This study improves understanding of the
CLUBB behavior associated with parameter uncertainties and provides valuable insights for other high-
order turbulence closure schemes.

1. Introduction

Clouds play a critical role in regulating the Earth’s hydrological and energy cycles and contribute to the
large uncertainty in climate modeling [e.g., Bony and Dufresne, 2005]. It is therefore critical to understand
clouds and to accurately simulate them in global climate models.

Stratiform clouds and shallow cumulus are treated by separate and independent parameterizations in
most general circulation models (GCMs), due to challenges in representing them in a single framework.
However, this can produce unrealistic results when these two cloud types interact with each other [Ara-
kawa, 2004], as, for example, in the stratocumulus-cumulus transition regime, where stratocumulus often
breaks up into cumulus layers with much lower albedo and shortwave cloud radiative forcing. In addition,
using separate cloud parameterizations makes it challenging to couple them with the same set of cloud
microphysics.

An incomplete third-order turbulence closure parameterization coupled with assumed probability density
functions (PDFs), named Cloud Layers Unified by Binormals (CLUBB), offers an opportunity to avoid such
problems [Golaz et al., 2002a, 2002b; Larson et al., 2002; Larson and Golaz, 2005; http://clubb.larson-group.
com]. CLUBB predicts subgrid variations and high-order moments of total water, liquid potential tempera-
ture, and vertical velocity. Based on these predicted variations and high-order moments, a particular PDF
member is selected from the assumed double Gaussian PDF family. The double Gaussian PDF is capable of
representing vertical velocity skewness and other nonzero third-order moment and has been shown to per-
form better than the single Gaussian or double delta function PDFs [Larson et al., 2002]. This allows CLUBB
to serve as a unified parameterization to simulate both cumulus and stratocumulus clouds [Larson et al.,
2012].
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CLUBB has recently been implemented into the Community Atmosphere Model version 5 (CAMS5) to pro-
vide a unified treatment for turbulence, stratiform cloud macrophysics, and shallow convection [Bogen-
schutz et al., 2012, 2013]. The single-column version of CAM5 (SCAM5) with CLUBB simulates more realistic
shallow convective clouds and transitional boundary layer clouds (i.e., cumulus under stratocumulus) and
produces a more robust response in vertical and temporal resolution compared with the standard SCAM5
[Bogenschutz et al., 2012]. Moreover, CLUBB significantly improves the performance of CAMS5 in the simula-
tion of the stratocumulus to trade wind cumulus transition in the subtropical oceans [Bogenschutz et al.,
2013]. CLUBB also leads to improvements in the single-column and global versions of the Geophysical Fluid
Dynamics Laboratory Atmosphere Model version 3; for example, it improves the simulation skill in coastal
stratocumulus, especially at higher horizontal resolution [Guo et al., 2010, 2011, 2014].

CLUBB, like many other parameterizations, includes multiple tunable parameters. The tunable parameters in
CLUBB are partly related to the terms in the prognostic equations that are unclosed using the assumed
PDF, such as pressure terms and eddy diffusivity terms, which are also common to many other high-order
turbulence closure parameterization [e.g., Cheng et al., 2005; Lappen and Randall, 2001]. Many of these
parameters cannot be derived theoretically and the current values of some of these parameters in CLUBB
are empirically determined [Golaz et al., 2002a, 2602b]. Golaz et al. [2007] applied an ensemble-based cali-
bration framework to a standalone version of CLUBB to optimize some parameters to best fit benchmark
simulations. Further studies are needed to examine how sensitive model simulations are to these tunable
CLUBB parameters.

Sensitivity analysis (SA) offers a way to efficiently answer these questions. It quantifies parametric sensitiv-
ities and helps to understand which processes contribute most to the parameterization outcome through
an analysis of the statistical distribution of model outputs. Such a statistical output distribution is generated
by sampling multiple possible parameter values across the multidimensional model parametric space. It is a
more comprehensive approach when compared with “one-at-a-time” sensitivity tests that cannot take
parameter interactions into account [Saltelli and Annonia, 2010].

SA has been applied to advancing climate modeling [e.g., Zhao et al., 2013; Ma et al., 2013]. For example,
Zhao et al. [2013] investigated the sensitivity of net radiative fluxes at the top of atmosphere to 16 selected
uncertain parameters related to cloud microphysics and aerosol processes and emissions in the CAM5 and
found that the size threshold parameter related to autoconversion of cloud ice to snow is one of the most
influential parameters. Ma et al. [2013] applied SA to quantify source-receptor relationships of black carbon
simulations in CAMS5.

A single-column model is a direct and computationally efficient method to investigate cloud parameteriza-
tions in response to the perturbations of parameters. Therefore, SCAM5 is applied to simulate two contrast-
ing cloud types in this study. We adopt an SA framework that integrates an exploratory sampling approach
(quasi-Monte Carlo), and a generalized linear model analysis, for SA of SCAMS5 results. The goal of this study
is to explore the sensitivity of model simulations to CLUBB tunable parameters and to identify the most
influential parameters that may be targeted for further calibration and sensitivity studies in the future. This
paper is organized as follows. Section 2 details the CLUBB, SCAM5, and the SA methodology. The SA of the
SCAM5-simulated variation of cloud fraction associated with tunable parameter is presented in section 3.
The findings are summarized and discussed in section 4.

2. Methodology

2.1. Brief Description Model and Parameterization

CLUBB is a higher-order turbulence closure based on an assumed triple-joint PDF of liquid water potential
temperature (0)), total water mixing ratio (g;), and vertical velocity (w) [Golaz et al., 2002a, 2002b]. CLUBB
predicts grid-mean values (0}, g,, W, horizontal winds & and ¥), variancesﬁ(w’{ q’f, {-),2 u?, \/2), scalar
terms (g0, Wq,, 3), and the third-order moment of vertical velocity w'? [Golaz et al, 2002a; 2002b; Lar-
son and Golaz, 2005; Larson et al., 2012]. Thirteen PDF parameters used to determine the triple-joint PDF are
then derived based on 10 predictive moment equations related to 0;, g;, and w, with some additional
assumptions [Larson et al., 2002]. These 13 PDF parameters include the weight of PDF (mixt), the width of
each Gaussian along w, gy, and 0, coordinate (G, Gg,1, 64,2, 54,1, Go,2), the mean of each Gaussian (wy, wa,
67/;, % Gn, g2), and an intra-Gaussian correlation between g; and 0, (rg.0,)- The intra-Gaussian correlations
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between q;, 0, and w (ruq, and r,y,) are set to zero in CLUBB, and the widths of each Gaussian along w (61,

Gw2) are equal, i.e., Gy =6W2=JWW [Larson et al., 2002]. A particular triple-joint PDF, P (0, g:, w) s
then selected from the double Gaussian mixture family by mapping those 13 PDF parameters. The double
Gaussian PDF leads to a better performance in simulating the highly skewed PDFs observed in cumulus
layers compared with the single Gaussian or double delta function PDFs [Larson et al., 2002]. By integrating
over the assumed triple-joint PDF, all high-order terms, which occur in the predictive equations of CLUBB

including 9',2w', ow?, qiw,qdw?waq.b, 0’,3, E and w'*, are closed [Larson and Golaz, 2005]. In addi-

tion, buoyancy terms and cloud macrophysics quantities including cloud fraction and cloud liquid water
mixing ratio are also computed from the assumed triple-joint PDF.

When CLUBB is configured in CAM5 (or SCAMD5), it replaces the default planetary boundary layer (PBL), shal-
low cumulus and stratiform cloud macrophysics [Park and Bretherton, 2009; Bretherton and Park, 2009] as
described in Bogenschutz et al. [2012]. SCAM5-CLUBB uses a two-moment cloud microphysics that predicts
number and mass mixing ratios of cloud droplets and ice crystals and diagnoses number and mass mixing
ratios of rain and snow as described by Morrison and Gettelman [2008,-MG-hereafter] and Gettelman et al.
[2008, 2010]. The influence of aerosol on cloud microphysics is based on Abdul-Razzak and Ghan [2000] for
the droplet activation and on Liu et al. [2007] for ice nucleation.

2.2. Single-Column Experiments

Three boundary layer cloud cases are analyzed to quantify the sensitivities of SCAM simulations to CLUBB
parameter values (see section 2.3.1). The first two are shallow cumulus cases: the Barbados Oceanographic
and Meteorological Experiment [BOMEX; Siebesma et al., 2003], a trade wind cumulus regime, and the Rain
in Cumulus Over Ocean [RICO, Rauber et al., 2003], a precipitating shallow cumulus. The third case is the first
aircraft research flight (RF01) of the Second Dynamics and Chemistry of Marine Stratocumulus Experiment
(DYCOMS-I), a nonprecipitating marine stratocumulus case, hereafter referred to as DYCOMS-II RFO1 [Ste-
vens et al., 2005].

Because the vertical grid spacing is important to address sensitivities in CLUBB, SCAM5 with CLUBB has
been configured at two different vertical resolutions (30 and 240 layers) for all three cases. The default con-
figuration of CAMS5 is 30 vertical levels; we also choose 240 vertical levels in order to investigate the sensitiv-
ity of CLUBB to the best-case vertical resolution. According to the quasi-Monte Carlo sampling approach
(see section 2.3.2), each case with each resolution consists of an ensemble of multiple members.

2.3. SA Framework

2.3.1. Tunable CLUBB Parameters

CLUBB is a complex and high-order system, which has 13 predictive equations (Appendix A) and about 50
contributing parameters. Most of its parameters are not peculiar to CLUBB. For example, parameters related
to pressure terms of predictive equations, which were introduced by André et al. [1978] and Bougeault
[1981], also appear in other high-order closure parameterizations that are based on André et al. [1978],
including Lappen and Randall [2001], eddy kinetic energy model [Gaspar et al., 1990], and Cheng et al.
[2005]. Such a commonality in parameters allows this study to be a reference for other high-order closure
schemes as well (see further discussions on this in section 4).

Sampling all parameters of CLUBB is computationally expensive if we extend SA study to global model in
the future. Moreover, it does not benefit us to investigate which parameters and processes are the most
influential ones when the number of parameters is large. It is therefore important to determine an appropri-
ate number of parameters for the SA study.

1y )X
The eddy diffusion terms have a unified form of W' where X represents the prognostic field in each

predictive equation (Appendix A), vy indicates background eddy diffusion coefficients associated with X;
Kw=cix Xk X LscaleX +/e, where @ is turbulence kinetic energy, Lscale is the eddy mixing length, cix

and ¢ are eddy diffusion coefficients. Based on the magnitude analysis, the eddy diffusion terms are found
to be less important when compared with the pressure terms (including the Newtonian damping term and
the buoyancy-damping term). Thus, we set the eddy diffusion coefficients (vx, ck, ckx) to the same value in
all predictive equations, and sample them uniformly. Thirty-five tunable parameters are then left as the full
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Table 1. CLUBB Parameters in the 16-Parameter Experiments® (See Table A1 for Parameters Used in the 35-Parameter Experiments)

Tuning Parameter Description Default Value Investigated Range
(@ Low Skewness in C1 Skewness Function 25 1.25-5

Cart Constant associated with r',2 dissipation term 1.0 0.5-2

C2rtthl constant associated with r' 10’ dissipation term 1.0 0.5-2

Cért Low Skewness in Cért Skewness Function 4.0 2.0-8.0

Cértb High Skewness in C6thl Skewness Function 6.0 2.0-8.0

c7 Low Skewness in C7 Skewness Function 0.5 0.0-1.0

C7b High Skewness in C7 Skewness Function 0.8 0.0-1.0

c8 Coefficient in C8 Skewness Equation 3.0 1.5-6.0

(@h] Low Skewness in C11 Skewness Function 0.8 0.0-1.0

C11b High Skewness in C11 Skewness Function 0.65 0.0-1.0
C6_Lscale0 Used to damp Cért as a function of Lscale 14.0 7.0-28.0
C7_Lscale0 Used to damp C7 as a function of Lscale 0.85 0425-1.7

v (nu) Background Coefficient of Eddy Diffusion 20.0 10.0-40.0

B (beta) Constant related to "plume" variance of 0'/2 and r';2 175 0.0-3.0

y (gamma_conf) Low Skewness in y coefficient Skewness Function 0.32 0.0-0.83

u (mu) Parcel Entrainment Rate (Lscale) [1/m] 1x10°3 0.5-2.0 X 103

*Texts in brackets are the names in source code of CLUBB.

set of parameters for the primary sensitive study. Their physical meanings are listed in Appendix A and

Table AT1.

However, 35 tunable parameters still require a considerable number of samples to produce reliable SA that
would be computationally prohibitive when the study is extended to global simulation in the future. There-

fore, we further reduce the number of parameters to 16 (listed in Table 1) by choosing those most influen-
tial parameters based on the relative contribution of each parameter in the 35-parameter simulations (see
Appendix-B for more details). In addition, the 16-parameter experiment reduces the interferences of those
parameters that are less important and leads to a better understanding of the influential ones. Actually,

such a reduction on the number of the tunable parameters does not change our conclusions (see the dis-
cussion in section 4.1) and 16-parameter SA is therefore presented in section 3.

Many of tunable parameters have clear and theoretical ranges. For example, y (gamma_coef, a dimension-

less constant controls the widths of each individual Gaussian) spans from 0 to 1, while f (beta, a dimension-

less constant which controls the PDF parameters of total water and liquid water potential temperature)

spans from 0 to 3 [Larson and Golaz, 2005]. Since the buoyancy-damping term should be less than the buoy-

ancy term, coefficients associated with the buoyancy-damping term, including C5, C7, C7b, C11, and C11b,

range from 0 to 1. The other parameters range from half to double their default values (listed in Table 1 and

Table A1) for making a large parametric perturbation. Another factor in choosing the range of tunable
parameters is numerical instability. As our tests show that a y larger than 0.83 can often cause numerical
instability and lead to model crash, y is perturbed from 0 to 0.83 in this study.

2.3.2. Quasi-Monte Carlo Sampling
In this study, the probability distribution of each CLUBB parameter is assumed to be uniform within its
uncertainty range (Table 1). Due to the high dimensionality of the parameter space, efficient and reliable

SAs are necessary for the exploration of the parameter space and reduction of the dimensionality of model

parameters. The choice of sampling technique is important as the success of a numerical approach hinges
upon evaluating all possibilities defined by the model space. The quasi-Monte Carlo (QMC) sampling
approach [Caflisch, 1998] is selected in our study. QMC guarantees a uniform distribution of sample points.
When compared with the traditional Monte Carlo method, QMC improves sampling by filling gaps and
avoiding clumps [Hou et al., 2012].

2.3.3. Generalized Linear Model
A generalized linear model (GLM) is adopted to analyze the responses of cloud properties (including cloud

fraction and liquid water mixing ratio) to the aforementioned CLUBB parameters, including their linear and

nonlinear interaction effects. GLM assumes that the response of cloud properties is a function of these

CLUBB parameters:
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n n n
Y=[f0+Zﬁj*pj+ZZﬁj,k *pj * pte, &~ N(O,d%) (M
j=1 j=1 j=1
where Y represents the response variable (e.g., cloud fraction); p; represents the jth parameter; §; and f8; 180
represent the coefficients of linear and two-way interaction terms; and ¢ denotes the residual and follows 182
independent normal distributions with zero mean and unit variance. 183
The SA quantifies the simulated variations of cloud properties that results from perturbations of CLUBB 184
parameters and identifies the significant parameters that contribute to these variations. GLM builds fitting 185
equations, through maximum likelihood estimation between parameters (p) and simulations (Y). The GLM 186
computes coefficient of determination (R?) of model fitness, interpreted variance and the P-value of each 187
parameter. The reduction in the residual sum square caused by each parameter is used to calculate its rela- 188
tive contributions [McCullagh and Nelder, 1989]. The P-value is the probability of obtaining a test statistic 18AQ5

result at least as extreme as the one that was actually observed, assuming that the null hypothesis H is true 190
(here the null hypothesis is that the contribution of a parameter to the total variation in cloud properties is 191
insignificant). The P-value is calculated as the conditional probability Pr(|T| > t|H), where T is t-statisticand 192
tis an instant. When the P-value of a parameter is smaller than 1 ——a, where « is a chosen significance level 193
(95% is chosen for this study), the null hypothesis is rejected and the parameter is regarded as a significant 194

contributor. More details of GLM have been described in McCullagh and Nelder [1989]. 195
2.3.4. Evaluation Metric 196
Following Taylor [2001] and Yang et al. [2013], a cost function based on the spatial standard deviations and 197
spatial correlations is used as a metric to evaluate SCAM5 results against the large-eddy simulations (LES) 198
[Golaz et al., 2005]. LES are used as a benchmark for comparisons with the SCAM. The same LES results have 199
also been used in Bogenschutz et al. [2012]. 200
oy is the standard deviation of simulated variable (x) and is calculated as follows: 201

where i is the index for vertical layer, N is the number of vertical grid point, and the X is the vertical mean of 203

variable x. The correlation coefficient R between x and LES variable (y) is defined as 204
N
1 2 iy
p N2 XY .
Ox0y
where y is the vertical mean of variable y. 206
The performance score (scr) is then defined as 207
a, 2 k
(;y + 7) (14R,)
scr=log |~——4——— 4
4(1+R)
where Ry and k are maximum possible spatial correlation coefficient and specified values used to control 208

the relative weight of spatial correlation. Following Yang et al. [2013], we set Ry = 1 and k = 4. Smaller scr 210
means the simulation matches LES better in terms of vertical cloud profiles. Note that LES outputs are inter- 211
polated onto the same vertical resolution with simulations. Here the vertical profile of cloud fraction is cho- 212
sen for evaluating SCAM5 simulations, because the vertical profile of cloud fraction in shallow cumulus is 213

more challenging to capture than the vertical profile of cloud water (not shown). 214
3. Results 215
3.1. Stratocumulus 216
3.1.1. Results of Generalized Linear Model 217
Figure 1 shows the anomalies of total cloud fraction (derived by maximum-random overlap assumption) 218 F1

averaged over hours 3-4 in response to the perturbations of 16 parameters from the 256 low-resolution (30 219
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Figure 1. Anomalies of variation of total cloud fraction averaged over hours 3 and 4 in response to the perturbations of 16 parameters from the 256 SCAM5-CLUBB DYCOMSII RFO1 simu-
lations. The vertical resolution of SCAM5-CLUBB is 30 layers (L30). The mean total cloud fraction of 256 simulations is shown as CLDTOT. The numbers above each plot box represent the
relative contribution (percentage) of each input parameter perturbation to the overall cloud fraction variations. Red means the contribution with 95% statistic significance. The mean is
denoted as boxes, while the vertical bars show the range of cloud fraction anomaly from tenth percentile (lower) to ninetieth percentile (upper).

vertical layers) DYCOMS-II RFO1 simulations. These 256 simulations are equally grouped into 8 bins for each
input parameter. The anomalies are calculated by subtracting the mean of 256 simulations (49% for low-

221

resolution DYCOMS-II) from each individual simulation. The range of cloud fraction in each bin of an individ- 222

ual input parameter results from perturbations of other parameters because the parameters are perturbed
simultaneously during the sampling.

Figure 1 shows how cloud properties respond to those perturbations of CLUBB parameters. A large spread
of cloud fraction anomalies from —48% to +51%, corresponding to cloud fractions from 0.01 to 1, is seen in
Figure 1 in response to the perturbations of the 16 CLUBB parameters. In addition, the numbers above each
plot represent the relative contribution of each parameter perturbation to the overall variations of cloud
properties. Numbers highlighted in red indicate that the contributions of the corresponding parameters to
the total variance are statistically significant with 95% confidence level. The perturbation in Cért contributes
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Figure 2. Same as Figure 1, but at high vertical resolution (240 layers, L240).
the most (27.8%) to the total variance of cloud fraction, followed by that of C7 (11.5%), C7b (5.2%), C6b 231
(5.2%), and y (17.1%). Contributions from the perturbations in another 10 CLUBB parameters are also statisti- 232
cally significant (with 95% confidence level), although their contributions are small (less than 5%). In the 233
low vertical resolution simulation of DYCOMS-II RFO1, cloud fraction generally decreases with increasing C7, 234
Cé6rt, and y. 235
Results from the high vertical resolution (240 vertical layers) simulations are shown in Figure 2 and are dif- 236 F2
ferent from the results from the low resolutions. The ensemble mean cloud fraction is 96%, much higher 237
than that at low vertical resolution (49%) and closer to the reference LES simulation (91%). Cért, which con- 238
tributes the most to the cloud fraction variation at low resolution, becomes much less important with its 239
contribution of 3.5%. Its dominance is replaced by Cé6rt_Lscale0 (contribution of 25.5%), as shown in Figure 240
2. Compared with low resolution, C7 is still one of the largest contributors (19.7%). As in low-resolution sim- 241
ulations, cloud fraction somewhat decreases with C7. However, cloud fraction increases with Cért_Lscale0, in 242
contrast to the low-resolution results. 243
GUO ET AL. ©2014. The Authors. 7
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Figure 3. Relative contributions (percentage, shading) of interactions of tunable parameters to the variations of total cloud fraction esti-
mated by the Generalized Linear Model in DYCOMSII RFO1: (a) at low vertical resolution simulation (30 layers), with R? of 0.95 (0.72 from
individual terms); (b) at high vertical resolution (240 layers), with R? of 0.94 (0.55 from individual terms).

As shown in Figure 3, the interactions among the 16 tunable parameters can also be quantified, which indi- 244 F3
cate the effects of nonlinear coupling of different parameters. The interactions mean the effects caused by 245
the initial perturbation of one parameter will be amplified or suppressed by the other parameters compared 246

to its one-at-a-time sensitivity [Zhao et al., 2013]. Most of the interaction effects among the selected 16 247
input parameters are inconsequential with magnitude less than 3%, compared with the effects of individual 248
parameters, except for C7 to Cért_Lscale0 at high resolution. 249

The GLM fits the simulated cloud fraction well with the coefficients of determination (R?) of 0.95 at low 250
resolution and 0.94 at high resolution, which indicate 95% and 94% of variance of SCAM5-CLUBB simu- 251

lated cloud fraction can be explained by the GLM. The individual parameters contribute a R* of 0.72 to 252
the total R? of 0.95 at low resolution and 0.55 to the total R? of 0.94 at high resolution. Although the con- 253
tributions of most interactions are small in magnitude compared to the contributions from individual 254
parameters, the large amounts of interaction terms (120 = 16 X 15/2) make their total contribution 255
notable. 256
GUO ET AL. ©2014. The Authors. 8
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Figure 4. Mean vertical profiles of top 10 poor performance samples for the DYCOMSII RFO1 case at high vertical resolution (240 layers), averaged over hours 3-4: (a) cloud fraction, (b)
liquid cloud water mixing ratio (g/kg), (c) total water mixing ratio (g/kg), (d) liquid water potential temperature (K), (e) buoyancy flux (W/m?), (f) nonprecipitating water flux (W/m?), (9)
variance of vertical velocity w'2, m%/s?), and (h) third-order moment of vertical velocity w3, m¥s3). The gray lines represent the individual samples (10), and the blue lines show average
of those samples. The red lines indicate the LES results. The black lines indicate the profiles with the default parameter values.

257

258

3.1.2. Discussion of Sensitive Parameters and Their Physical Meaning

To better understand which processes contribute most to cloud fraction variations and why those afore-
mentioned parameters are influential, vertical profiles of model fields from 10 SCAM5-CLUBB simulations at
high resolution with lowest and highest performance scores (scr) (see the definition in section 2.3.3) based
on the vertical profile of cloud fraction are analyzed and compared against the reference LES (Figures 4
and 5).

259
260
261

262

LES predicts an inversion-capped mixed-layer structure with a nearly overcast cloud located between 915 263
hPa and 940 hPa (Figure 4, black). The buoyancy flux decreases linearly in the subcloud layer up to the
cloud base with relatively small buoyancy fluxes located at the cloud base. In addition, a single well-defined
peak of w'? is also seen near the cloud base, and the third moment of vertical velocity w'? is small due to

the near symmetry between updraft and downdraft in stratocumulus.

264
265
266

267

The simulated inversion and boundary structure depends on details of the turbulent mixing. Compared to 268
the LES, the “poor performance” SCAM-CLUBB runs are unable to reproduce the LES profiles in DYCOMS-II
RFO1 (Figure 4, blue and gray). All poor performance simulations have relatively large gradients in 0; and g, 270
in the mixed layer. Liquid cloud water mixing ratio (g.) and cloud fraction are largely underestimated in 271
these samples. These biases are related to the relatively unrealistic simulation of boundary layer conditions.
First, these samples are unable to produce a well-mixed 0; and g,, which indicates poor and weak boundary 273
layer mixing processes (see the total water flux in Figure 4f). Second, the negative buoyancy at cloud top 274
and positive buoyancy near the cloud base are too weak, even negative in some samples and the ensemble 275

mean (Figure 4e, gray and blue). Such structures of buoyancy allow the occurrence of strong entrainment in 276

269

cloud top and decoupling near cloud base, which leads to low stratocumulus cloud fraction. 277
For the “good performance” SCAM_CLUBB simulations (Figure 5), the cloud properties of SCAM-CLUBB and 278
LES appear comparable. Although some significant overestimations are present in even “good perform- 279
ance” runs, they compare well with LES. The well-mixed profile of liquid water potential temperature is 280
reproduced, although the well-mixed profile of total water is less accurately reproduced. In a buoyantly 281
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Figure 5. Same as Figure 4, but for top 10 good performance samples.
driven turbulent layer, liquid water potential temperature is more constrained by buoyancy to be well 282
mixed, whereas total water is less constrained. 283
For simulated stratocumulus, the cloud fraction is most sensitive to C7 and Cé6rt parameters. Both of them 284
influence the turbulence fluxes of liquid water potential temperature (w' 6'}) and total water mixing ratios 285
(w'g',) through the skewness function (Cesk, Cysk)- Cosk is defined as 286
(Skw) ’
-0sx| =
Corto+ (Cort —Corp )€ ortc/ —Cért_Lscale
Cért_Lscale+ —° (Cor—Corv) X Lscale;  (Lscale < wpxp_L_thresh)
Cosk = wpxp_L_thresh
(Skw) :
—05x| =
Corto+(Cere—Cenv e brtc (Lscale > wpxp_L thresh)
(5)
where Lscale is the eddy mixing length (discussed later) and Skw represents skewness of the vertical veloc- 283
ity. C7s is defined in a similar way. Skw is defined as 289
3
w
Skw= 2 T2 \15 ©)
(W' +Skw_demon_coef Xw'*|,,,)
in which w'?|,,, (a constant of 0.0004 m%/s?) is the threshold for vertical velocity variance w'>. Here Cért and 290
Cértb are included in the 16-parameter experiments (Table 1), while Skw_demon_coef and Cértc are included 292
in the 35-parameter experiments (Appendix 8 and Table A1). 293
The turbulence fluxes of liquid water potential temperature (w'6';) and total water mixing ratios wdq',) 294
[Golaz gnd-+tarsen200%; Larson and Golaz, 2005; Golaz et al., 2007] are predicted as 295
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The definition of 7 is [Golaz et al., 2002a]

_ Lscale

Ve

In a stably stratified layer (near the inversion, see Figure 6a), g is further modified as a function of eddy
mixing length Lscale in order to block gravity wave, as shown in equation (5). As the vertical structure of the
inversion (or Lscale) strongly depends on vertical resolution (Figure 6a), the effect of the Newtonian damp-
ing term can be different at low and high resolutions. At coarse resolution (e.g., L30, L60), Lscale and dissipa-
tion times are underestimated at 925-950 hPa and are overestimated above 925 hPa (Figures 6a and 6b).
The overestimation above 925 hPa produces a stronger dissipation of water flux in the mixing layer (Figure
6d), which leads to low cloud fraction. As the vertical resolution increase from 30 to 240 levels, the bound-
ary layer structure is better simulated and cloud fraction increases.

where the subscript sk indicates coefficients that are not constant but parameterized as functions of skew-
ness of the vertical velocity distribution to better differentiate stratocumulus from shallow cumulus [Golaz
et al.,, 2007], as shown in equation (5).

The C7 skewness function (Cy) works in terms that are proportional to %—";’ and the damping terms of buoy-
ancy moment 0,0, and q’t0/\,). As the former is negligible in magnitude, terms related to the C7 skewness
function mainly act as a sink of scalar fluxes related to buoyancy. In the stratocumulus case, the boundary
layer is capped by a sharp and strong inversion. This inversion blocks the rising eddies and spreads their
kinetic energy horizontally. Strong buoyancy usually occurs at the upper portion of the cloud layer (near
the inversion) and weakens the entrainment and mixing at cloud top. From equations (7) and (8), decreas-
ing C7 increases the buoyancy moment at the cloud top and cloud base and then enhances the turbulence
fluxes. Those are favorable for increasing cloud fraction and cloud water mixing ratio. It is consistent with
SA that the tight coupling between cloud-layer mixing and C7 skewness function is the likely cause of stra-
tocumulus preference for lower values of C7 skewness function and C7.

The effect of Cért, the largest contributor to the variance of cloud fraction at low resolution, is different from :
that of C7. It controls the Newtonian damping term (— %w/q’, and — %w' 6')) in the turbulence flux equa-
tions (equations (7) and (8)). The Newtonian damping term always acts as a sink of prognostic turbulence
fluxes. Its magnitude is determined by both the C6 skewness function and the dissipation time scale z,
which are largely determined by the vertical structure of the boundary layer. It makes the effects of the
Newtonian damping term more complex to understand than the buoyancy-damping term.

)

where e is turbulence kinetic energy. Near the inversion, Lscale (Figure 6a) and consequently the dissipation
time scale 7 is small (Figure 6b), because of the capped inversion that determines the maximum size of
eddy at a distance. Thus, the peak of the Newtonian damping term (— CLT“ w'q, and — CLT“ w'0')) tends to
locate near inversion layer (Figure 6d).

GUO ET AL.

©2014. The Authors.

ID: kandasamy.d Time: 18:43 | Path: N:/3b2/JAME/Vol00000/140037/APPFile/JW-JAME140037

298

320 F6
321
322

291
323

324

326
.
328
329
330

331



J_ID: JAME Customer A_ID: JAME20101 Cadmus Art: JAME20101 Ed. Ref. No.: - Date: 15-July-14 Stage:  Page: 12

QAG U Journal of Advances in Modeling Earth Systems 10.1002:201ams000315

850

875

900

925

Pressure

950

975

1000

850

875

900

925

Pressure

950

975

1000

a) edd}/ mixin.g Ieng:(h (m) .

Stratocumulus

b) dissipation time T (s) c) cloud fraction
1 1 1 1 1 1 1

850 850 L
- 875 1 - 875 1 -
- 900 - 900
o o
5 5
2 925 - - 2 925
8 8
=W Ay
- 950 - 950
- 975 - - 975
L} L} L} L} ]OOO L] L] L} L} L} ]OOO L] L} L} L}
0 100 200 300 400 500 00 02 04 06 08 1.0
fraction
— 06 — T _ T
d).CGS"w Iy f) - T‘“w Ty -C7sk9irt 0,
1-I 1 1 L 850 850 1 1 1 s 1
e - 875 875 1 -
E - 900 900 -
g g
=] =]
- - 2 925 2 925 4 -
8 8
Ay Ay
E - 950 950 -
E - 975 975 - -
T T " 1000 T T T T 1000
40 -30 -20 -1.0 00 1.0 05 00 05 10 15 20 -15 -1.0 -05 0.0 05
(m kg)/(s"2 kg) X 10° (mkg)/(s"2 kg) X 10° (mkg)/(s"2 kg) X 10°

Figure 6. Mean vertical profiles (averaged over hours 3-4) for the DYCOMSII RFO1 simulation with the default parameter values: (a) eddy mixing length Lscale (m), (b) dissipation time t
(s), (c) cloud fraction (%), (d) Newtonian term of total water flux (m kg/kg/s?), (e) buoyancy-damping term of total water flux (m kg/kg/s%), and (f) the sum of Newtonian term and
buoyancy-damping term (m kg/kg/s?). Different colors represent different resolutions (8 in total, from 30 vertical layers (L30) to 240 vertical layers (L240)) and the shading in (a) repre-
sents the tunable ranges of wpxp_L_thresh in the 35-parameter experiments.

Because the low vertical resolution SCAM5 simulations don't capture the large gradient of Lscale at the top
of boundary layer well (Figure 6a), it is hard to get the criterion that Lscale is less than its threshold
wpxp_L_thresh, which is fixed at 60 m here (wpxp_L_thresh is included as a tunable parameter in the 35-
parameter experiments with a range of 30-120 m, see shading in Figure 6a and Table A1). Therefore, Cért
dominates the skewness function of C6 in the total water turbulence fluxes (w'q’,). At high resolution, how-
ever, the criterion is easier to meet and therefore Cért_Lscale0 replaces Cért as controller of the C6 skew-
ness function at the top of boundary layer.

At low resolution, the peak of the Newtonian damping term locates in the cloud layer and at cloud base
due to the crude boundary layer structure (Figures 6¢c and 6d). It mainly weakens the fluxes in the cloud
layer, which causes a tight negative coupling between cloud-layer mixing and the C6 skewness function

(Cért). However, at high resolution, the Newtonian damping term with its peak located at the inversion layer -

blocks the fluxes at cloud top, reduces entrainment, and preserves the well-mixed boundary layer. Thus,
stratocumulus clouds prefer larger values of Cért_Lscale0 and C6 skewness function at high resolution.
Unlike the Newtonian damping term, the buoyancy-damping term has the same effect at low and high res-
olutions (Figure 6e). Thus, C7_Lscale0 just replaces C7 partly with increasing vertical resolution.

As shown in Figure 3b, the interaction of Cért_Lscale0 and C7 is notable at high resolution while negligible
at low resolution. For high-resolution simulations, the buoyancy-damping term that controlled by C7 com-
pensates Newtonian damping term in cloud layer (Figures 6d-6f). Therefore, their interaction is notable at
high resolution. The other change related to the changing of vertical resolution is the relative contribution
of y, which affects the cloud fraction more at low resolution (Figure 3). The possible reason is that y controls
the weight of the two Gaussian distributions (see more details in the next section) that are quite different at
low resolution while similar at high resolution (not shown).
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Figure 7. Anomalies of variation of total cloud fraction averaged over hours 5 and 6 in response to the perturbations of 16 parameters from the 256 SCAM5-CLUBB BOMEX simulations.
The vertical resolution of SCAM5-CLUBB is 30 layers. The mean total cloud fraction of 256 simulations is shown as CLDTOT. The numbers above each plot box represent the relative con-
tribution (percentage) of each input parameter perturbation to the overall cloud fraction variations. Red means the contribution with 95% statistic significance. The mean is denoted as
boxes, while the vertical bars show the range of cloud fraction anomaly from tenth percentile (lower) to ninetieth percentile (upper).

3.2. Shallow Convection
3.2.1. Results of Generalized Linear Model
Figure 7 shows the anomalies of total cloud fraction averaged over hours 5-6 in response to the perturba-

tions of the 16 parameters from the low-resolution BOMEX simulations. The perturbation of y is the largest

contributor (23.8%) to the total variance of cloud fraction, followed by that of C17 (21.8%), C11b (17.5%), C8
(14.2%), and other parameters with contributions less than 5%. The high resolution shares similar contribu-
tors with the low resolution, with somewhat different magnitudes (Figure 8). The perturbations of y (21.1%),
C11b (22.3%), C11 (14.1%), and C8 (12%) are still the largest contributors.
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Figure 8. Same as Figure 7, but at high vertical resolution (240 layers).
In general, large spread of cloud fraction is seen in Figures 7 and 8, which ranges from 3% to 58% in response
to the perturbations of the 16 CLUBB parameters. Cloud fraction increases with C11b, C11, and C8, but
decreases with y and f. All these large contributors are related to the third moment of vertical velocity and PDF
closure, which will be discussed later. In addition, the sensitive parameters for the precipitating marine shallow
cumulus for the Rain in Cumulus Over Ocean (RICO) experiment are similar to those for BOMEX at both resolu-
tions, except some small differences in their relative contributions, especially at high resolution (Figure 9).
Similar to the analysis of interaction effects for DYCOMS-II RFO1 (Figure 3), the individual and interaction
effects analyzed using the GLM are shown in Figure 10. In BOMEX, the individual effects dominate the total
effect and the interaction effect is relatively small. Most of the interaction effects among the selected 16
input parameters are inconsequential with magnitude less than 1. The GLM fits the simulations in cloud
GUO ET AL. ©2014. The Authors.
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Figure 9. The relative contributions of individual parameters to the overall cloud fraction variations in the 16-parameter experiments from
two shallow convection cases (BOMEX averaged over hours 5-6 and RICO averaged over hours 7-8) and one stratocumulus case (DYCOM-
SIl RFO1 averaged over hours 3-4) at low (30 vertical layers, L30) and high (240 vertical layers, L240) resolutions.

fraction well with the coefficients of determination (R?) of 0.97 at low resolution and 0.94 at high resolution. 372
Among the total R?, 0.77 is contributed by individual parameters at low resolution and 0.7 at high resolution. 373

3.2.2. Discussion of Sensitive Parameters and Their Physical Meaning 374
Similar to DYCOMS-II RF01, profiles from the 10 BOMEX simulations with the lowest and highest perform- 375
ance scores (based on the vertical profile of cloud fraction) are shown in Figures 11 and 12, respectively.In ~ 37¢F11 F12
LES, cloud fraction is small with its peak located at cloud base (Figure 12a). The negative buoyancy fluxes 377
near cloud base indicate an evident decoupling and the PBL remains poorly mixed with double well- 378
defined peaks in w'? near cloud base. The positive third-order moment of vertical velocity w'® is characteris- 379
tic of cumulus convection, which means narrow and strong updrafts that are compensated by broad and 380
weak downdrafts. There is a strong correlation between variations in cloud properties, turbulence, w3, and 381
subcloud buoyancy fluxes. Simulations that produce unrealistic cloud fraction also tend to produce larger 382
positive buoyancy fluxes near cloud base and smaller w’? (and vertical velocity skewness) within the bound- 383

ary layer (Figure 11), and vice versa. This indicates that the skewness of vertical velocity is the key to the 384
simulation of shallow cumulus. This is consistent with the influential parameters identified using GLM that 385
are related to the skewness of vertical velocity, such as C11, y, C11b, and C8. 386
(8, C11,and C11b control the pressure correlation term of F 387
ow’ w1 aw? F@psm —3O0W 3g—3
=—w -— — 3w —+=w"0,
ot 0z p, 0z 4 0z 0O
— —— Ou —— OV
+Ci5K, iaw,ev— o E-i-auv 5
"\ 0 Oz 0z oz
(10)
& -3 —30W | 393
— = (CapSkw*+1)W'>° —Cpg BW> ==+ 2 w'%0
T ( 8b ) Hsk( Oz Hvs v)
ow'’?
0 (KW+V) ¥:|
+
0z

C8 controls the magnitude of the Newtonian damping term (— % w'®), which is also affected by the dissipa- 388
tion time scale 7. The Newtonian damping term represents the blocking effects caused by the stable stratifi- 391
cation, because the dissipation time scale 7 is small in stable layers. Thus, the Newtonian damping term 392
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Figure 10. Relative contributions (percentage, shading) of interactions of tunable parameters to the variations of total cloud fraction esti-
mated by the GLM in BOMEX. (a) At low vertical resolution (30 layers, L30) with R of 0.97 (0.77 from individual terms); (b) at high vertical
resolution (240 layers, L240) with R? of 0.94 (0.7 from individual terms).

with its peak usually locates near the stably stratified layer and damps the w'> and skewness of vertical 393
velocity. Large C8 means a strong Newtonian damping that restricts w'? and then the shallow convection. 394
The C11 skewness function (Cy15) controls the pressure term (*C115k(3w’3 %—”;’ + (3,—vgsw’20",)), in which the %—"Z 395
term is negligible and the buoyancy-damping term with (3,—2 w26, dominates. In a conditionally unstable 396

layer, the positive buoyancy fluxes are mainly driven by the surface heating flux and latent heating release 397
from condensation [Moeng and Rotunno, 1990]. The positive buoyancy results in a positive skewness of ver- 398

tical velocity fields associated with the conditional unstable layer. Thus, the pressure term (especially 399
buoyancy-damping term) with its peak located in the conditional unstable layer mainly acts as a sink of the 400
w? by weakening the conditional instability and consuming the initial buoyancy. It means stronger C11 401
skewness function produces stronger dissipation of the conditional instability. Those are favorable for 402
reducing the w'> in conditional unstable layers. 403
Similar to the C6 skewness function, the C11 skewness function (Cyq) is defined as 404
GUO ET AL. ©2014. The Authors. 16
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Figure 11. Mean vertical profiles of top 10 poor performance samples for the BOMEX case at low vertical resolution (30 layers), averaged over hours 5-6: (a) cloud fraction, (b) liquid
cloud water mixing ratio (g/kg), (c) total water mixing ratio (g/kg), (d) liquid water potential temperature (K), (e) buoyancy flux (W/m?), (f) total nonprecipitating water flux (W/m?), (g) var-
iance of vertical velocity (w2, m%/s?), and (h) third-order moment of vertical velocity w3, m¥/s%). The gray lines represent the individual samples (10), and the blue lines show average of

those samples. The red lines indicate the LES results. The black lines indicate the profiles with the default parameter values.
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Figure 12. Same as Figure 11, but for top 10 good performance samples.
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Skw

()
Crsk=Cio+(Ci1—Crrp)e ¢ (11)

where the C11, C11b, and C11c¢ are low skewness, large skewness, and degree of slope of C11 skewness
function, respectively. C17 and C71b are included in the 16-parameter experiments (Table 1), while C71c s
included in the 35-parameter experiments (see the Table A1 and Appendix B).

When shallow convection develops, the Skw (equation (6)) is large in cumulus layer and therefore Cyq is
closer to the large limit of skewness C77b than to C71. In this case, the second term in the right hand side of
equation (11) becomes less important. This also helps to explain why C77c and skw_denom_coef (see equa-
tion (6)) contribute little to the total variance of cloud fraction when they are included in the 35-parameter
experiments (see discussions in section 4.1).

7, one of the largest contributors in both shallow convection and stratocumulus, has broad effects in CLUBB.
It controls the width of the individual Gaussians in the PDF of vertical velocity directly [Larson and Golaz,
2005]:

G2=y [1 —max (cfv(,/, cqur)} (12)
where ¢y, and ¢,q, are the correlations of vertical velocity with liquid potential temperature and total water
content, respectively.

y further indirectly determines the weight of the first Gaussian in the PDF (mixt), which is defined as [Larson
and Golaz, 2005]

where Skw= 5"—‘”” represents normalized skewness. Large y tends to result in a small mixt and to shift

the PDF towards the second Gaussian. This makes the shape of the PDF more suitable for cumulus. On the
other hand, small y makes the PDF more suitable for stratocumulus. Therefore a large y tends to widen PDF
shape and amplify the turbulence transports and the buoyancy term Iw'20', in equation (10), and vice
versa. These two terms are source terms of w'> , and especially the buoyancy term is the leading source
term to w'>, making 7 also an indirect amplifier to w'®. For example, y is usually lower than the default value
with a mean value of just 0.2 in the samples with the worst 10 performance scores. The high-order terms

W’zqr, w20, w0, and w'?, which are associated with w3, are consequently weak (Figure 13). Such a
tight coupling between y and w'? is the cause of cumulus preference for a larger value of y.

It is notable that the choice of vertical resolution does not have a large impact on the sensitive parameters
in shallow cumulus, including RICO and BOMEX. The reason is that the boundary layer is deeper and the
inversion is much weaker, compared with the stratocumulus-topped boundary layer case examined in sec-
tion 3.1. The inversion is too weak to redistribute the eddy kinetic energy horizontally and to cause a sharp
vertical gradient in convective boundary layer. The vertical gradients of the eddy length and dissipation
time at upper portion of the convective boundary layer are not as sharp as they gt the top of the
stratocumulus-topped boundary layer (not shown) and therefore are less sensitive to vertical resolution.
Therefore, the influential parameters in shallow convection are not determined by the vertical resolution.

4. Discussion

4.1. Dependence on the Number of Tunable Parameters

Our results in section 3 are based on the 16-parameter experiments and show that the parameters related
to Newtonian and buoyancy-damping terms of total water flux are the most influential parameters for stra-
tocumulus, while those related to skewness of vertical velocity are the most influential parameters for shal-
low cumulus. Here we examine how the uncertain range of cloud response and their sensitive parameters
may be different when different numbers of tunable parameters are chosen. Our results show that the most
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Figure 13. Mean vertical profiles of high-order PDF closure terms of top 10 poor performance samples for the BOMEX case at low resolution, averaged over hours 5-6: (a) W, (b)

W’quc,(c) 12

black lines indicate the profiles with the default parameter values.

wq', (d) w’z(-?‘/,, (e) W'ZG/,,, ® w’q’tz, (9w 9/,2, and (h) w’q'rﬁ/,. The gray lines represent the individual samples (10), and the blue lines show average of those samples. The

influential parameters are similar when we reduce the number of tunable parameters from 35 to 16. The rel-
ative contributions of individual parameters from the full set 35-parameter SA are shown in Figure 14 (see
the discussion in section 2.3.1 for the choice of parameters, Table A1 for the list of parameters and Figure
B1 for cloud fraction variations with individual parameters). It shows that the parameters related to sknew-
ness of vertical velocity, including C8, C11, C11b, and v, are still the most influential parameters in shallow
convections and those related to Newtonian and buoyancy-damping terms of total water flux are still the

largest contributors to the total variance of stratocumulus, similar with the 16-parameter SA (comparing Fig- -

ure 14a with Figure 9). The difference is that the R? of individual parameters is smaller in the 35-parameter
SA than those in the 16-parameter SA, because the 35-parameter SA generates more interaction terms (595
of 630) that partly reduce the contributions of individual parameters.

For the 35-parameter and 16-parameter SA, it includes those parameters that were introduced in Golaz

et al. [2007] to produce skewness-dependent coefficients of pressure terms in the predictive moisture and
heat fluxes equations (equations (7) and (8)) in order to better distinguish stratocumulus and shallow cumu-
lus (those sk coefficients discussed in section 3). In another SA analysis with 29 parameters, we remove the
skewness-dependence of the coefficients in scalar flux equations in the 35-parameter experiments by set-
ting high skewness coefficients to the low skewness coefficients (Cért = Cértb, C6thl = C6thlb, and

C7 = C7Db; see Table A1 for the list of parameters), while the skewness-dependence of the coefficients used
in the w? equation is kept (e.g., C11 and C8). The goal is to investigate how the skewness-dependence of
the coefficients in scalar fluxes equations affect the relative contributions of individual parameters to the
variance of simulated cloud properties.

For stratocumulus at low resolution, parameters related to the moisture and heat flux equations (Cért and
C7) play a more prominent role in the 29-parameter SA than in the 35-parameter SA while contributions
from those related to the skewness of vertical velocity are further diminished (Figure 14b) (see Figure A2 for
cloud fraction variations with individual parameters). This might be expected, as the moisture and heat
fluxes are critical for simulating stratocumulus (see discussions in section 3), and decoupling C6sk and C7sk
from the skewness of vertical velocity enhance the roles of these two parameters. For stratocumulus at high
resolution, the differences between the 29-parameter SA and 35-parameter SA are less distinguishable. This
might suggest that at high resolution, the boundary layer structure is better simulated and the skewness of
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Figure 14. Same as Figure 9, but for (a) the 35-parameter experiments and (b) the 29-parameter experiments.
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vertical velocity is generally small. Therefore, dropping the dependence of C6sk and C7sk on Skw makes lit-
tle differences. For shallow cumulus, the contributions from C6sk and C7sk are further reduced in the 29-
parameter SA compared to the 35-paramter SA. Another noticeable difference is that C11b plays a more
prominent role while C11 is less important. It is still not clear why this is the case.

4.2, Implication for Other High-Order Parameterizations

As we discussed in sections 1 and 2, many CLUBB tunable parameters examined here are also commonly
used in some other high-order closure parameterizations, especially those related to the pressure terms.
The use of pressure terms, which show large contributions in CLUBB, trace back to Rotta [1951], André et al.

[1978], and Bougeault [1981], and are continually or partly used in current high-order parameterizations. In
the scheme of Lappen and Randall [2001], —CF‘/EM w'x' represents the unified format of Newtonian damp-

ing, where x can be w, w? g: and 0,. Thus, parameter C refers to Cy4, Cerr, Cerni, and Cg in flux equations
used in CLUBB. Cheng et al. [2005] propose a third- and fourth-order moments scheme. In their scheme,

2 - _ _ J—

o 2_14 g . A . 2

4G, L, — % (w’ - %e), —Zsy/0) and — %= w'? represent the Newtonian damping in equations of 7,
2 / 3 . . —
w'*, w0 and w'’, respectively. Moreover, the buoyancy-damping terms are shown as —Cs % w0,

_C7gd0_2, =3(1=Cy1)gow?0 in w2, w0, and F equations, respectively, where « is the coefficient of thermal
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Table 2. Values of Key CLUBB Parameters that Produce the Best Joint Performance Score for DYCOMS-II RFO1 (Stratocumulus) and
BOMEX (Shallow Cumulus)

Parameter cért Cértb c7 C7b Y 1 Cl1b c8

Default 4.00 6.00 0.50 035 032 0.80 0.65 3.00

Best 2.84 7.01 042 071 0.22 038 0.48 450
expansion. Although these terms have somewhat different-ferm CLUBB, they are similar to CLUBB in 491

essence. Therefore, the sensitivity analysis of simulated cloud fields to the influential parameters in CLUBB 492
can also be applicable for these other high-order closure parameterizations and further helps to guide their 493
improvement. 494

4.3. Model Parameters in the “Best” Performance Simulations 495
Based on the “joint” performance scores of the BOMEX and DYCOMS-II RFO1 experiments at low-resolution 496
with the 35 tunable parameters, we identify a set of parameters that produce the best joint performance 497
score. The joint performance score is defined as the product of the performance scores from BOMEX and 498
DYCOMS-II RFO1, which is described in section 2.3.4. 499

Table 2 shows the values of the key parameters used in the “best” simulations. This best parameter set agrees 500
well with the SA in section 3 and works for both stratocumulus and shallow cumulus. First, the smaller values of 501
C11b, C11, and C8 reduce the pressure damping terms resulting in a larger skewness of vertical velocity w?3and s
improve cumulus simulations. Second, the smaller values of Cért and C7 help to enhance water flux for stratocu- ~ 50:
mulus. The contributions from the other parameters are small (varying these parameters has small impacts on the 504

results). As shown in Figure 15, CLUBB with this set of key parameters performs well in all three cases. Note that ~ 505F15

the set of parameters with the best performance score may not be the optimal set, as the SA framework applied 506
in this study is most suitable for sensitive studies, not for calibration. A more rigid calibration of the CLUBB param- 5
eters will require other frameworks, such as Multiple Very Fast Simulated Annealing applied in Yang et al. [2012] 5
which samples the parameters based on a performance score so that the algorithm progressively moved toward 509
the parameter region to minimize model errors. Nevertheless, the selected best set of parameters confirms the 510

conclusions of our SAs and helps us to better understand the physical processes of CLUBB. 511
5. Summary 512
In this study, we have applied a sensitivity analysis (SA) framework to analyze the variation of simulated 513

stratocumulus and shallow cumulus properties due to perturbations in Cloud Layers Unified by Binormals 514
(CLUBB) tunable parameters in the state-of-the-art single-column version of the NEAR Community Atmos- 515
phere Model Version 5 (SCAM5). The analysis of stratocumulus and cumulus cases reveals a large range in 516
cloud property response to perturbations of CLUBB tunable parameters. For example, total cloud fraction in 517
the stratocumulus case ranges from 0% to 100%. Such large ranges indicate the urgency of quantifying and 518
understanding the uncertainty of CLUBB simulations to its tunable parameters. 519

The Generalized Linear Model (GLM) is used to emulate CLUBB-simulated variations of stratocumulus and 520
shallow cumulus at two different vertical resolutions: 30 and 240 layers. The results show that the variation 521
in stratocumulus simulations is dominated by the moisture turbulence within the assigned parameter 522
ranges. The parameters related to Newtonian and buoyancy-damping terms in the total water mixing ratio 52
flux predictive equation are found to have statistically significant impact on the cloud fraction of stratocu- 524
mulus. The Newtonian damping term, which is dominated by Cért through the C6 skewness function, blocks 525
vertical mixing in the cloud layer. The buoyancy-damping term, which is controlled by C7 through C7 skew- 526
ness function, influences the strength of decoupling at cloud base and entrainment in the cloud layer. Cért 527
and C7 are two of the most effective tuning parameters for the stratocumulus at low resolution of SCAM5. 528

)

The parameters associated with the skewness of vertical velocity are the most effective tuning parameters 529

for shallow convection, such as y, C11b, C11, and C8. The additional buoyancy-damping term associated 530
with conditional instability, which is controlled by C77 and C717b, restricts and consumes positive buoyancy 531
fluxes. The Newtonian damping term related to C8 blocks updrafts of convection, which represent the 532

effects of stable stratification. The perturbation of y not only significantly influences the width of individual 533
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Figure 15. Mean vertical profiles of (a-c) cloud fraction, (d-f) total water mixing ratio (g/kg), (g-i) total nonprecipitating water flux (W/m?),
and (j-I) buoyancy flux (W/m?) in two shallow convection cases (BOMEX averaged over hours 5-6 and RICO averaged over hours 7-8) and
one stratocumulus case (DYCOMSII RFO1 averaged over hours 3-4). The black lines indicate the LES. The red lines indicate the profiles
from the default parameter values. The blue lines represent the profiles with the best joint performance score.

Gaussians in the PDF and normalized skewness of vertical velocity but also substantially affects the high-
order terms by changing the PDF shape.

It is interesting that the vertical resolution has a large impact on which parameters are most influential for
stratocumulus clouds. The stratocumulus-covered boundary layer is usually shallow and occurs under a
strong and sharp inversion, which causes large vertical gradients near boundary layer top. Thus, vertical
resolution is critical in stratocumulus cases, as the eddy mixing length and eddy dissipation time are
strongly dependent on the vertical resolution in stratocumulus. The additional Newtonian damping term,
which was introduced in CLUBB to block gravity waves in stably stratified layer and enhance inversions,

GUO ET AL.
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becomes more important at high vertical resolution. Thus, its controller Cért_Lscale0 replaces Cért as the

key parameter to C6 skewness function and the stratocumulus. Unlike DYCOMSII RFO1, the vertical resolu- 543
tion does not have a large impact on the sensitivity of parameters in BOMEX and RICO shallow convection = 544
cases (Figure 9). Because the convective boundary layer is deeper and occurs under a weak inversion, the 545

turbulence kinetic energy extends vertically and allows a longer eddy dissipation time (or length) and

smaller vertical gradient, which is less dependent on the vertical resolution.

Our results showed that the influential parameters in the 35-parameter experiments and 16-parameter

548

experiments are essentially the same, while removing the skewness-dependence of some coefficients in the 549
predictive moisture and heat fluxes equations that were originally introduced to better distinguish stratocu- 550

mulus and shallow cumulus [Golaz et al., 2007] can produce somewhat different results (Figure 14).

A set of parameters that produce the best joint performance score for both stratocumulus and shallow

551

552

cumulus cases are identified from the 35-parameter experiments. This set of parameters confirms the con- 553
clusions of our SA, and our preliminary test shows that the global CAM5 run with this best set of parameters 554
produces a credible global simulation with enhanced low cloud fraction from 41% to 49% with little change 555

in middle and high cloud fraction (not shown).

556

Given that CLUBB shares common parameters with many other high-order closure parameterizations, the 557
sensitivity analysis presented in this study can also be applicable to other high-order closure parameteriza- 558

tions and further helps to guide their improvement in the future.

559

Our results suggest that a small subset of 35 CLUBB tunable parameters can explain most of the variance in 560
simulated cloud fields of SCAMS5 with CLUBB. This study therefore helps us to reduce the number of tunable 561
parameters for our ongoing sensitivity and calibration study of global simulations.

Appendix A: CLUBB Equations and Tunable Parameters

562

563

For the convenience of the reader, here we list CLUBB's prognostic equations that contain tunable parameters: 564
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Table A1. CLUBB Parameters in the 35-Parameter Experiments®

Tuning Parameter

Description

Default Value

Investigated Range

1 b,c
carntbe
C2thl®
C2rtthlc
ca

c5°
c6rtte

Cértb®

Cértc

cethl*
C6thlb
Céthlc

c7Pe

C7b°

C7c

cabe

C11Pe
C11b°<
C11ct

Cc14¢

C15°¢
C6_Lscale0®<
C7_LscaleQ®*
wpxp_L_thresh®

Ckc
c
€K1

v(nu)P<

Pbeta)®<
y(gamma_coef) P<
Tmax(tau_max)©
Imin_coef®

”(m u)b,c

Lscale_{Errorhx00A0]u_coef*

Lscale_pert_coef®

Skw_denom_coef®

Low Skewness in C1 Skewness
Function

Constant associated with r' ;2
dissipation o

Constant associated with 0,2
dissipation -

Constant associated with r' 6,
dissipation o

Return to isotropy term in w?,

u?, v?

Constant in w'? pressure term

Low Skewness in Cért Skewness
Function

High Skewness in C6rt Skewness
Function

Degree of Slope of Cért Skewness
Function

Low Skewness in C6thl Skewness
Function

High Skewness in C6thl Skewness
Function

Degree of Slope of C6thl Skew-
ness Function

Low Skewness in C7 Skewness
Function

High Skewness in C7 Skewness
Function

Degree of Slope of C7 Skewness
Function

Coefficient in C8 Skewness
Equation

Low Skewness in C11 Skewness
Function

High Skewness in C11 Skewness
Function

Degree of Slope of C11 Skewness
Function 7 -

Constant applied to /% and v'2

Constant applied to w'> bp2

Used to damp Cért as a function
of Lscale

Used to damp C7 as a function of
Lscale

Lscale threshold for C6 and C7
coefficients

Coefficient of Eddy Diffusion

Coefficient of individual Eddy
Diffusion

Background Coefficient of Eddy
Diffusion

Constant related to "plume" var-
iance of 0,2 and 1’2

Low Skewness in y coefficient
Skewness Function

Maximum allowable value of time
scale t

Coefficient of the minimum allow-
able Lscale

Parcel Entrainment Rate (Lscale)
[1/m]

Coefficient to perturb u for an
average calculation of Lscale
Coefficient to perturb 6; and 7, for

an average calculation of Lscale
Additional damping to skewness

25

52

0.3
4.0

6.0
0.5
4.0
6.0
0.5
0.5
0.8
0.5
3.0
0.8
0.65
0.5
1.0
04
14.0

0.85

0.2
0.5

20.0
1.75
032

3600
05
1x103
20
0.1

0.0

1.25-5

0.5-2

0.5-2

0.5-2

2.6-104

0.0-1.0
2.0-8.0

2.0-8.0

0.25-1.75

2.0-8.0

2.0-8.0

0.25-1.75

0.0-1.0

0.0-1.0

0.0-1.0

1.5-6.0

0.0-1.0

0.0-1.0

0.25-1.75

0.5-2.0

0.2-0.8

7.0-28.0

0.425-1.7

30.0-120.0

0.1-0.4
0.25-1.0

10.0-40.0

0.0-3.0

0.0-0.83

1800-7200

0.25-1.0

0.5-2.0 X 10>

1.0-4.0

0.05-0.2

0-10

*Texts in brackets are the name in source code of CLUBB.
bParameters used in the 16-parameter experiments.
“Parameters used in the 29-parameter experiments.
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Figure A1. Anomalies of variation of total cloud fraction averaged over hours 3-4 in response to the perturbations of 35 parameters from the 4096 SCAM5-CLUBB DYCOMSII RFO1 simu-
lations. The vertical resolution of SCAM5-CLUBB is 30 layers (L30). The mean total cloud fraction of 256 simulations is shown as CLDTOT. The numbers above each plot box represent the
relative contribution (percentage) of each input parameter perturbation to the overall cloud fraction variations. Red means the contribution with 95% statistic significance. The mean is
denoted as boxes, while the vertical bars show the range of cloud fraction anomaly from tenth percentile (lower) to ninetieth percentile (upper).
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where 1, v, and w represent the grid-mean zonal, meridional, and vertical wind; 0, and g, represent grid-  55AQ6

mean liquid potential temperature and total water content; the second order terms w 2 U3, q f 0, 583
q.0), qw,and 0w are variances and scalar terms; w'> is the third-order moment of vertical velocity 584
[Golaz et al., 2002a, 2002b; Larson and Golaz, 2005; Larson et al., 2012]. 585
Furthermore, 0, is the virtual potential temperature; 0,5 is dry, static, base-state 0,. p; is dry, static, base- 586
state density, which only changes with respect to altitude. 7 represents the dissipation time scale and e 587

means turbulence kinetic energy. 0|2, r;|2,, and w|2, are the threshold values of variances '}, r f and w2, sss
The subscript pd denotes the rate of change due to the positive-definite hole-filling scheme, the subscript 589

sicl is the rate of change due to the semi-implicit clipping scheme, the subscript c/ is the rate of change due 590
to completely explicit clipping, and the subscript mfl denotes adjustments from the monotonic flux limiter. 591

The subscript sk represents the skewness function of some of tunable parameters. Parameters used the 35- 592
parameter experiments are included in Table A1. Some of the uncertain parameters have been used as tun- 593

able parameters in previous studies [e.g., Golaz et al., 2007; Bogenschutz et al., 2013; Guo et al., 2014]. 594
In above equations, CT controls the dissipation rate of the vertical velocity variance w'?in equation (A1). 595
The C2thl, C2rt, and C2thirt control the dissipation rate of the vertical velocity variance f, 0',2, and q’re’,, 596

respectively, in equations (A2)-(A4). C4 and C5 appear in the parameterization of the pressure correlation 597
term in w'? equation in equation (A1). 598

C6 and C7 skewness functions appear in the parameterization of the pressure correlation term of scalar flux 599
equations (equations (A5) and (A6)). When the eddy mixing length falls below the threshold that is defined 600
by wpxp_L_thresh, the maximum value of C6 and C7 skewness functions will be controlled by C6_Lscale0 601
and C7_Lscale0. Otherwise, C6 and C7 skewness functions are controlled by Cért, Cértb, C6thl, Céthlb, C7, 602

and C7b (equations (A5) and (A6)). 603
€8, C15,and C11x (“X" represents a, b, and c) are part of Newtonian term and buoyancy-damping term in 604
third-order moment vertical velocity w'? equation (A7). C14 controls the dissipation rate of the vertical 605

velocity variance u'* and v'“. ¢, ck1, and v (nu) control the eddy diffusivity coefficients in equations of w'*, 606

/

2 2 2 g2 o Ty 3

u2,v2,qf,9,,qt9,, th,B,w,andw3. 607
Other parameters do not directly appear in these equations, but they also play important roles in diagnosing 608
eddy diffusion and high-order closures. § and 7y are dimensionless parameters, which determine the shape of PDF 609

function. For example, 7 is proportional to the normalized standard deviations (&fv, equation (A10)) of each indi- 610
vidual Gaussian and f controls skewness of total water and liquid potential temperature [Larson and Golaz, 2005]. 611

G2=y [1 —max (cfvol,cqur)} (A10)

612

W/?:

Skw= — s (A11)
<W’2 +Skw_demon_coef Xw'* \m/)

In equation (A11), the Skw_denom_coef is used to reduce the skewness of vertical velocity that will be too 618
large in the early hours of marine stratocumulus when Skw is large [Bogenschutz et al., 2013]. Ty represents 617
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the maximum of allowed time scale of 7. Lscale_pert_coef is coefficient to perturb 0; and g, for diagnosing 618
eddy mixing length. u and Lscale_ p_coef perturb the fractional entrainment rate per unit altitude for calcu- 619
lation of eddy mixing length. 620
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