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Abstract As a complement to measurements, numerical modeling facilitates improved understanding of
the complex turbulent processes in the stratocumulus-topped boundary layer (STBL). Due to limited compu-
tational resources simulations are often run at too coarse resolutions to resolve details of cloud-top turbu-
lence and potentially in computational domains too small to account for the largest scales of boundary
layer circulations. The effects of such deficiencies are not fully understood. Here the influence of resolution/
anisotropy of the computational grid and domain size in under-resolved implicit large-eddy simulation of
the STBL is investigated. The performed simulations are based on data from the first research flight of the
DYCOMS-II campaign. Regarding cloud cover and domain-averaged liquid water path, simulations with hori-
zontal/vertical grid spacing of 35/5 m, 70/10 m, and 105/15 m are found to agree better with measurements
than more computationally expensive simulations with isotropic grid boxes, e.g., with 10/10 m or 15/15 m
grid spacing. While decreasing the vertical grid spacing allows more representative simulation of the thin,
turbulent, stably stratified interfacial layer between the STBL and the free troposphere, coarsening the hori-
zontal resolution dampens vertical velocity fluctuations in this region and mimics the observed anisotropy
of stably stratified small-scale turbulence near the cloud top. The size of the computational domain is found
to have almost no impact on mean cloud properties. However, increasing it from 3.5%3.5 km? to 14X 14
km? does lead to the occurrence of larger coherent updraft structures. Increasing it further to 21x21 km?
shows little or no increase in the updraft size.

1. Introduction

Understanding processes behind the formation, maintenance and dissipation of stratocumulus clouds is
essential for climate and weather prediction. In situ measurements of the cloud-top structure [Stevens et al.,
2003; Gerber et al., 2013] provide valuable insights, but the knowledge of key aspects such as entrainment
of dry air from the free atmosphere into the cloud is still incomplete.

Numerical simulations complement measurements [e.g., Stevens et al.,, 2005], but are often under-resolved
and/or confined to computational domains too small to account for the largest relevant structures of the
flow due to limited computational resources and the wide range of spatial scales involved. de Roode et al.
[2004] argue that large domains (tens of kilometres) are necessary to model stratocumulus clouds.
Yamaguchi et al. [2013] show dependence of turbulence intensity on the domain size. According to Wood
[2012], the typical aspect ratio of closed mesoscale convective cells in the stratocumulus-topped boundary
layer (STBL) is between 3 and 40. For low marine clouds in general, Wood and Hartmann [2006] show that
mesoscale cellular convection is very common in boundary layers deeper than ~800 m, and that the charac-
teristic cell length is 30-40 times the boundary layer depth. Thus, with a boundary layer depth of ~1km, a
computational domain with a horizontal extent of @(100)x(100) km* would be required, at least for the
STBL over a uniform surface, like the ocean. Combining such a horizontal domain with a computational grid
sufficiently fine to resolve the smallest eddies involved in the entrainment process is not yet feasible.
Numerical modeling reported in de Lozar and Mellado [2013, 2015] shows that scales relevant for entrain-
ment are between ~0.5 and ~60 m. This supports the experimental finding by Malinowski et al. [2013] of a
fine multilayer structure of the Entrainment Interfacial Layer (EIL) capping the stratocumulus top. As a result,
the outcome of numerical simulations is in many cases dependent on the resolution [see e.g., Stevens et al.,
2005; Yamaguchi and Randall, 2012; Cheng et al., 2010] and/or domain size [de Roode et al., 2004]. Here we
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investigate how changes in the horizontal and vertical resolution, and the domain size affect outcomes of
implicit large-eddy simulation (ILES) of the STBL. Our primary aim is to explain and verify tendencies
observed in earlier studies. We approach this by performing a wide range of simulations systematically vary-
ing horizontal and vertical grid spacing as well as domain size.

ILES differs from traditional large-eddy simulation (LES) in the sense that the effect of unresolved turbulence
is included implicitly through truncation terms of the applied numerical scheme, and not through an
explicit subgrid-scale (SGS) model. In particular a class of nonoscillatory finite-volume (NFV) schemes have
proven to be well-suited for this type of modeling. A number of such schemes as well as the requirements
for successful ILES are discussed in Grinstein et al. [2007]; the appearance and leading order of dissipative
truncation terms are shown to be key properties. To provide a rationale for the successful use of NFV
schemes in ILES, Margolin and Rider [2002] show through modified equation analysis, that a specific NFV
scheme—the Multidimensional Positive definite Advection Transport Algorithm (MPDATA) [Smolarkiewicz,
1984] as used in the present study—applied to describe Burgers’ fluid, resembles an analytical finite-
volume form of the governing equation, and that the need for an explicit SGS model thereby is removed.
Grinstein et al. [2007] extend the analysis to the 2-D Navier-Stokes equation and come to similar conclusions.
They also show that not all NFV schemes are suitable for ILES. The theory behind the method is still being
developed, and as noted by e.g., Domaradzki et al. [2003] the interest in ILES is partly due to the absence of
a universal and clearly superior explicit SGS model based on physical principles.

Our choice to use ILES for simulation of the STBL is motivated by the findings of Stevens et al. [2005] who
compare STBL-simulations based on research flight 1 (RFO1) of the DYCOMS-II campaign [Stevens et al.,
2003] from a number of different LES models and model setups. The comparison shows that simulations
with no explicit SGS model for the scalar variables agree better with measurements than those employing
an explicit SGS model. Turning off the SGS model produces a thicker and more horizontally homogeneous
cloud layer in better agreement with observations. Kurowski et al. [2009, 2010] also simulate the RFO1
DYCOMS-II case and obtain similar results; the SGS-scheme sensitivity study in Kurowski et al. [2010] shows
that ILES—the simulation with no explicit SGS model for either scalar variables or velocity components—
compares better to experimental results in terms of cloud cover and liquid water path (LWP) than simula-
tions with explicit SGS terms included.

Piotrowski et al. [2009] simulate the dry convective boundary layer using a range of numerical setups, and
find that ILES captures the influence of unresolved scales of motion on the resolved scales better than con-
ventional LES. In simulations of the Taylor-Green vortex and of homogeneous stratified turbulence Remmler
and Hickel [2012] show good agreement between direct numerical simulation and ILES. These findings serve
as further motivation for the use of ILES in the present study. Yet another motivation is related to the find-
ing of Piotrowski et al. [2009] that the ability of LES to reproduce the spatial structure of convective circula-
tions in the boundary layer depends on the effective viscosities in the horizontal and vertical directions. In
the virtual reality of the numerical simulation, these effective viscosities depend on the numerical scheme
and filtering applied, the SGS scheme in LES, and last but not least on the size and the aspect ratio (width-
to-height ratio) of the gridboxes. In ILES, with no filtering and no SGS scheme only the properties of
numerics and grid are of relevance. Finally we note that Piotrowski et al. [2009] find that realistic results
requires a domain extending ©O(10)XO(10) km? in the horizontal directions resolved with O(10)X(10)
m? grid intervals.

In the RFO1 DYCOMS-II case, Stevens et al. [2005] find that decreasing the vertical grid spacing from 10 to
1 m in the cloud top region increases the LWP, while changing the horizontal grid spacing from 35 to 20 m
has no significant impact on the statistics of the flow in the computational domain of ~3.4X3.4X1.5km?.
Kurowski et al. [2009] find that in simulations applying the TKE-based SGS model and a horizontal grid spac-
ing of 35 m, both the cloud cover and LWP increase with refinement of the vertical grid spacing from 10 to
2.5 m. However, applying ILES and 5 m vertical grid spacing resulted in a significantly larger cloud cover
and LWP (see Table A.l therein). Yamaguchi and Randall [2012] perform large-eddy simulations based on
the same data, primarily to study cooling of entrained air parcels in detail. Their results indicate sensitivity
to both horizontal and vertical grid spacing, as well as to the way surface fluxes and longwave radiation is
modeled. While the studies mentioned above use anisotropic gridboxes, Matheou and Chung [2014] simu-
late the RFO1 DYCOMS-II case using the so-called buoyancy-adjusted stretched-vortex SGS model [Chung
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and Matheou, 2014] and isotropic gridboxes; they find that decreasing the grid spacing in all three direc-
tions from 10 to 2.5 m leads to higher cloud cover and LWP.

Other studies of resolution and domain-size sensitivity in LES, include Stevens et al. [2002] who investigate
the case of shallow cumulus convection with an overlying stratocumulus layer. With a fixed grid aspect ratio
of 2:1, cloud cover fraction, LWP, and inversion rise rate are found to increase with higher resolution
(decreasing Ax from 80 m to 20 m), and the mean profiles of the water vapour mixing ratio and liquid water
potential temperature to depend more clearly on the resolution than on the domain size, with the horizon-
tal extent changing from 6.5 to 20 km in both directions. Cheng et al. [2010] simulate a range of different
boundary-layer cloud cases at coarse resolutions, and generally find—in agreement with Yamaguchi and
Randall [2012]—that cloud cover and LWP decrease with refinement of the horizontal resolution, but
increase with refinement of the vertical resolution. We note that these tendencies are observed in multiple
studies, including most of those mentioned here, with the results of Stevens et al. [2002] and Matheou and
Chung [2014] indicating stronger sensitivity to changes in the vertical grid spacing than to changes in the
horizontal directions. The lack of sensitivity to horizontal resolution reported by Stevens et al. [2005] diverge
from the other studies, and we will come back to this later in the text.

In LES of a dry daytime convective atmospheric boundary layer, Sullivan and Patton [2011] find a resolution
of 20 m in the horizontal directions and 8 m in the vertical sufficient for convergence. They emphasize the
need for sufficiently small vertical grid spacing to resolve the capping inversion while still maintaining rea-
sonable grid aspect ratios (in the specific case Ax/Az=2.5). The length scale in the eddy-viscosity SGS
model applied in their simulations (following Deardorff [1980] as well as in other Smagorinsky-type models)
is defined as a combination of the vertical and horizontal grid spacing, making its validity in simulations
with anisotropic grids questionable. The impact of the choice of SGS length scale in simulations of moist
deep convection is shown by Kurowski et al. [2014, Figure 8], and in simulation of the dry planetary bound-
ary layer by Nishizawa et al. [2015]. In ILES, there is no need for an explicitly specified SGS length scale. Khani
and Waite [2014, 2015] investigate idealized stratified turbulence in a triply periodic cubic domain and find
the classic Smagorinsky SGS model [Smagorinsky, 1963] to work poorly; better performance—in the sense
that fewer grid points are needed for physically accurate results—is obtained with the dynamic Smagorin-
sky model [Germano et al., 1991]. Basu and Porté-Agel [2006] show promising results using a dynamic SGS
model as well. Here however, we rely on the simpler and faster method of ILES, primarily motivated by the
aforementioned studies by Stevens et al. [2005], Piotrowski et al. [2009], Kurowski et al. [2009, 2010], and
Remmler and Hickel [2012]. Reduced simulation time and no need to specify an explicit SGS length scale are
added benefits.

We continue along the lines of Stevens et al. [2005] and Yamaguchi and Randall [2012], and perform simula-
tions based on RFO1 of the DYCOMS-II campaign using various domain sizes, grid resolutions and aspect
ratios. We start with a setup similar to that of Kurowski et al. [2009, 2010] and vary the vertical grid spacing
(Az) between 5 and 35 m, the horizontal grid spacing (Ax and Ay) between 10 and 105 m, and the horizon-
tal extent of the computational domain between 3.5X3.5 and 21x21km?. LES of the STBL is often based
on computational grids that are stretched in the vertical direction to achieve a smaller grid spacing near the
cloud top—and in some cases near the surface—than elsewhere in the domain. This is a reasonable
approach since turbulence in these areas tend to be of smaller scales then turbulence elsewhere in or above
the STBL. However, such stretching can be obtained in different ways with potentially different results, and
thus we choose to use uniform grids to limit the number of variables in our sensitivity study. The investi-
gated ranges of resolution and domain size are representative of numerous recent LES studies of the STBL,
including de Roode et al. [2016], van der Dussen et al. [2015], Heinze et al. [2015], Jones et al. [2014], Connolly
et al. [2013], Song and Yum [2012], and Yamaguchi and Feingold [2012] using horizontal resolutions between
5 and 120 m, vertical resolutions between 5 and 25 m, and horizontal domain sizes between 3 X 3 and
16X16 km?.

2. Model Description and Setup of Simulations

We use a simplified version of the 3-D nonhydrostatic anelastic Eulerian-semi-Lagrangian (EULAG) model
[e.g., Prusa et al., 2008], referred to as babyEULAG [Grabowski, 2014, 2015]. The code solves for the three
velocity components u, v, and w in the x-, y-, and z-directions, the potential temperature 0, the
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Table 1. Overview of the Performed Simulations®
Name Ax (m) Az (m) Ax/Az Ly (km) L, (km) Cloud Base (m) Cloud Top (m) Cloud Thickness (m)

A 15 15 1 35 15 718 830 112
o5 25 15 1.7 35 15 722 840 118
Aemis 35 15 23 35 15 718 856 138
i 45 15 3 35 15 708 855 147
A 55 15 37 35 15 713 851 138
e 65 15 43 34 15 695 860 165
i 75 15 5 35 15 693 858 165
eri 85 15 57 35 15 690 861 171
Regis 95 15 63 34 15 683 859 176
Avisis 105 15 7 34 15 676 858 182
Asss 35 5 7 35 15 606 862 256
Regie 35 10 35 35 15 676 863 187
Ao 35 20 18 35 15 729 826 97
- 35 25 14 35 15 712 808 %
- 35 30 1.2 35 15 702 787 86
Pepes 35 35 1 35 15 689 768 79
Bssss 35 35 1 7.0 15 684 773 89
B 5 85 15 57 7.1 15 682 853 171
Camis 35 15 23 14.0 15 713 850 137
Cmes 35 35 1 140 15 690 780 90
Comis 85 15 57 14.2 15 682 859 177
Bhps 35 35 1 210 15 691 779 88
Bt 85 15 57 213 15 680 858 178
A 10 10 1 35 15 725 847 123
Pemi 20 10 2 35 15 701 860 160
Braie 70 10 7 35 15 639 861 222
Aeaio 105 10 10.5 34 15 623 858 234
Axs 20 5 4 35 15 633 867 234
Aros 70 5 14 35 15 579 856 277

?Resolution and domain size as well as mean cloud base, top and thickness averaged over the last 2 h of the performed simulations.
We keep Ay=Ax and L, = L,.

concentration ¢ of a passive scalar, and for the mixing ratios of water condensate g. and water vapour q,.
The governing equations are written in the Eulerian form, and as in the EULAG model the nonoscillatory
forward-in-time integration is based on the MPDATA [Smolarkiewicz, 2006]. We do not apply an explicit SGS
model, but rely on the ability of the MPDATA to implicitly account for the effect of the unresolved turbu-
lence on the resolved flow through the truncation terms associated with the algorithm [Grinstein et al.,
2007; Grabowski, 2014, 2015]. Since there was no significant precipitation during DYCOMS-II RFO1, we do
not include precipitation in our simulations. The amount of condensation/evaporation at each time step is
determined by an assumption of no supersaturation (following Grabowski and Smolarkiewicz [1990, 2002]
and Grabowski and Jarecka [2015]). The flow is periodic across the lateral boundaries, while the lower
boundary is impermeable with a “partial slip” condition characterized by a specified drag coefficient, and
the upper boundary is impermeable with a “free slip” condition.

The study consists of 29 simulations each labeled by a letter denoting the domain size (A, B, C or D) fol-
lowed by numbers indicating the horizontal and vertical grid intervals in meters. In all simulations we keep
Ax=Ay. Domain size A is approximately 3.5X3.5X1.5km? (in x-, y-, and z-directions, respectively; L,, Ly, L)),
Bis 7X7X1.5km?, Cis 14X14X1.5km?, and D is 21X21X1.5km?>. In two main series of simulations we (1)
vary the horizontal grid spacing between 15 and 105 m while keeping the vertical grid spacing fixed at
15 m, and (2) vary the vertical grid spacing between 5 and 35 m with the horizontal grid spacing fixed at
35 m. In addition, we perform series of simulations with Az=10 m (A10.10, A20,10, A35,10, A70,10, and Ajgs.10)
and with Az=5 m (A5, Asss, and Azgs). An overview of the simulations is given in Table 1. Initial and
ambient conditions are determined by the following profiles of the liquid water potential temperature 6,
total water mixing ratio g,, and velocity components (following Stevens et al. [2005]):

289.0K for z< z
- +\1/3 + (1
297.5+(z—z") ?K for z >z
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9.0gkg™" forz<z
= B
1.5gkg for z > z*

{6‘Oms_1 for z < z;
u:

70ms™" forz>z"

—425ms™' forz<z
v= 4)

—55ms™'  for z>z"

The variables vary linearly between z=840m and z"=875m. We specify this explicitly to have
approximately the same initial profiles regardless of Az. The initial concentration of the passive scalar
is given by:

0 forz<z
c= (5)
1 forz>z"

Following Grabowski [2015] we apply prescribed fluxes of sensible and latent heat near the surface
through

h(z)=Hoe ?/h (6)
and
q(z)=Qe /M. 7)

with Hy=15Wm~2 and Qy=115W m™2. The attenuation length h is set to 50 m (based on the value used
by Piotrowski et al. [2009]). Surface fluxes of momentum are applied through

Tuw(2)=—Cyp’|u’|ufe?/ha (8)
and

Ty (2)=—Cyp*|uf|vSe #/ha )

where superscript s refers to surface values, p is the air density in the idealized anelastic base state [see e.g.,
Clark and Farley, 1984], and |u|=v/u?+v? is the wind speed. The drag coefficient C, is set to 0.001. The verti-
cal divergence of (6)-(9) provides the source of temperature and humidity and the sink of horizontal
momentum near the ocean surface.

We apply a longwave radiative flux given by

1 . .
Faa=— (Foe =) +F, e7202)) (10)
P

where

b
Q(a, b):KJ pqgcdz. (11)
a
K, Fo, Fy are tuning parameters, and ¢, is specific heat at constant pressure. It is a simplified version of the
radiative flux model used in Stevens et al. [2005]. In agreement with Stevens et al. [2005] we observe no sub-
stantial differences between simulations using the simplified version and simulations using the full version
of the model. We use k=85m2kg ™", Fb=70Wm~2 and F;=22W m~2. The vertical divergence of (10) pro-
vides cloud-top cooling and cloud-base warming mimicking effects of the longwave radiation. Large-scale
subsidence is prescribed as w,=—Dz with D=3.75-10"%s"", and the large-scale horizontal pressure gradi-
ent is applied through the geostrophic wind components of ug=7.0ms™' and vy=—5.5ms"'. The Coriolis
parameter is set to f=7.3- 10> s~ '. All simulations are run for 6 h. For reasons that will become apparent
in the discussion of model results, snapshots of model fields are saved every 2 min during the first 2 simula-
tion hours and every 20 min during the last 4 simulation hours.
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Figure 1. (a and b) Domain-averaged LWP relative to the initial value LWP;nitias and (c and d) cloud cover fraction as functions of (a and c)
Ax and (b and d) Az. Both quantities are averaged over the period between 240 and 360 min of simulation time. The symbol size increases
with domain size.

3. Results

Figure 1 shows the domain-averaged liquid water path (LWP) relative to the initial value LWPjnisai and the
cloud cover fraction as functions of Ax=Ay and Az. Both quantities are averaged over the period between
240 and 360 min of the simulation time. The cloud cover—defined as the fraction of grid columns with g,
> 0 at any height—is initially 1 in all simulations, and LWPj,siai ~ 60 g m~2. The symbol size reflects the hor-
izontal domain size. (LWP) decreases from its initial value making LWP*=(LWP) / LWPjitiai < 1 in all simula-
tions except Ay s, Asss, Asos, and Ajgs . For a fixed vertical grid spacing of Az=15m, LWP* increases
with increasing Ax (square markers in Figure 1a), while for a fixed horizontal grid spacing of Ax=35m,
LWP* decreases with increasing Az (square markers in Figure 1b). The cloud cover (square markers in Fig-
ures 1c and 1d) follows the general tendency of LWP*: it increases with increasing Ax and decreases with
increasing Az. In simulations with Az=10 m (A1g 10, A20.10, A3510, Az0,10, and Aqgs10) and Az=5 m
(A5, Asss, and Aygs) the cloud cover fraction (not shown) stays very close to 1 regardless of changes in
Ax. LWP* on the other hand clearly decreases with Ax as indicated by the black (Az=10 m) and purple
(Az=5 m) diamond markers in Figure 1a. These additional simulations furthermore show that the Az-sensi-
tivity regarding LWP* seen in Figure 1b for Ax=35 m also applies for other values of Ax.

Figure 2 shows selected data points from Figure 1 grouped based on the grid aspect ratio. Blue markers
represent simulations Ajg10, A1s15, and Assss, red markers Ay 1o, Azs1s, and Assyo, green markers
A5, Ass 0, and Ass 15, and orange markers Ass s, Az 10, and Aqgs 1s. For all four aspect ratios (1, ~2, ~4
and 7) LWP* decreases with increasing grid spacing (here we use Ax on the horizontal axis, but with Ax/Az
fixed we could just as well have chosen to use Az). Overall, the figure shows that grids with high aspect
ratios show less sensitivity to the selected grid spacing than grids with aspect ratio close to unity (i.e., the
lines become more horizontal with the increasing aspect ratio). This is especially evident in the cloud cover
plot. The figure also indicates, that between the opposite effects of increasing Ax and Az individually, the
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1.5 () ' ' ' ' ] Az-dependency dominates when the grid-
lengths are increased simultaneously (in
agreement with Stevens et al. [2002] and
Matheou and Chung [2014]).

In the following sections we will report in
o more detail on the dependence on horizon-
tal grid spacing (section 3.1) and the

o
m
m
X\- dependence on vertical grid spacing (section
3.2). We will focus on the two main series of
)
o

0.5

(LWP)/ LW Pipitial

simulations with Az fixed at 15 m and Ax at
35 m respectively, but will include results
from other simulations when relevant. In sec-
o tion 3.3, we investigate the influence of
domain size.

0.8F
3.1. Dependence on the Horizontal
Grid Spacing
—m— Az/Az =1 | The observed differences among the per-
—m— Az /Az~2 formed simulations (Figures 1 and 2) become
04t E ﬁi;ﬁz i‘; apparent already during the first 2 h of the
) ) ) ) simulation time. The temporal evolution of
15 45 75 105 (LWP) from simulations with Az fixed at
Az [m] 15 m is shown in Figure 3a. The horizontal

grid spacing varies from 105 m (dark blue
Figure 2. (a) Domain-averaged LWP relative to the initial value LWP;ptial

and (b) cloud cover fraction as functions of the grid spacing. We show val- line) to 15 m (dark red line). We observe
ues averaged over the period between 240 and 360 min in simulations nearly the same initial sequence in all 10

with grid aspect ratios (Ax/Az) of 1, ~2, ~4,and 7. simulations: a period of slightly increasing

(LWP) is followed by a period with clearly
decreasing values. The decrease tends to start later and is less significant as Ax is increased. Around the
time t = 40 min, (LWP) shortly stabilizes, and then continues to decrease in simulations with small Ax, while
there is an increase followed by a decrease in simulations with large Ax. At t ~ 100 min the (LWP) reaches
a level about which it fluctuates throughout the rest of the simulation period.

0.6

Cloud cover fraction

We find that the initial decrease in (LWP), starting between t ~ 15 and t ~ 30 min depending on Ax (the
smaller Ax the earlier), coincides with increased entrainment which in turn is associated with increased
energy of vertical velocity fluctuations at the cloud top [see also Moeng et al., 1996]. Here we define the
cloud top/cloud base as the average of the highest/lowest altitude in each grid column at which g, > 0 ata
given time step. In the simulations presented here, the cloud base is initially at z ~ 615 m, and the cloud
top is at z ~ 840 m. To estimate the entrainment rate, we apply a passive scalar, with the initial concentra-
tion of ¢ =1 in the free atmosphere and ¢ =0 in the STBL. The scalar is subjected to advection and large
scale subsidence. In Figure 3b, we show the temporal derivative of ¢ integrated between the surface and

the local cloud top:
. 8 Ztop
_E<Jo cdz> (12)

as a function of time. As before, the angular bracket denotes the horizontal domain average. Finally, in Fig-
ure 3¢, we show the vertical velocity variance (w'w’) at the cloud top as a function of time. We define
w'=w—(w). Distinct peaks at, say, t = 20 and t = 42 min in simulation A;s ;5, coincide with the entrainment
rate estimated by C approaching its maximum, and the beginning of a decrease in (LWP).

The peak values of (w'w') at the cloud top increase with decreasing Ax, leading to more entrainment and
lower (LWP). The temperature inversion at the top of the STBL limits the size of turbulent eddies there.
These eddies are to a larger extent resolved with a smaller horizontal grid spacing; hence the higher values
of (W'w'). To illustrate this, we show velocity fluctuations in segments of vertical cross sections from simula-
tions Aqos15 and Ajs s in Figure 4. The cross sections are aligned with the instantaneous mean wind

PEDERSEN ET AL.

ILES OF THE STRATOCUMULUS-TOPPED BOUNDARY LAYER 891

8508017 SUOWIWOD dAIER.1D) 8|dealdde 8y Ag peussAob aJe Sejoile YO ‘8sn JO Sa|nJ Jo) Aeld17 8U1IUO /8]I UO (SUOIPUCD-PUe-SWLB)/L0D" A8 | IM"ARe.q 1[pul JUo//:Schy) SUOIPUOD pue swie | 8Y) 89S *[9202/T0/TE] Uo AeiqiTauljuo A8|IM ‘Z.S000S WSTOZ/Z00T 0T/I0p/u0d A8 | im Akelq1jputjuo'sgndnBe;/:sdny wouy pspeojumod ‘Z ‘9T0Z ‘99v2Zr6T



QAG U Journal of Advances in Modeling Earth Systems  10.1002:2015ms000572

60
[}
2w
[ 20 A
10515
1
0 — = Ao
Assis
Azsis
T: O4r N Agsas
E Assis
H02fF E
IS Ausis
0 Assis
— = Axis
= 02} Ass
[}
E
—_o01f
3
=
0

0 20 40 60 80 100 120

Time [min]

Figure 3. Time series of (a) domain-averaged LWP, (b) temporal derivative of passive scalar concentration integrated across the STBL, (c)
variance of vertical velocity at cloud top, and (d) radiative cooling across the cloud top for simulations of varying Ax.

direction across the STBL, and the arrows indicate the direction and magnitude of in-plane velocity fluctua-
tions. In both panels of Figure 4, we interpolated the original velocity fields to points separated by 15 m in
the direction of the mean wind. The horizontal axis denotes the distance from (x,y)=(0,L,), and the two
red lines indicate local cloud base and cloud top. In simulation A;¢s 15 we use values from t = 36 min, and in
Ais15 from t = 20 min, corresponding to the times of the initial peaks in (w'w’). The shown segments are
representative of the general situation in the two simulations at these times. Both simulations are domi-
nated by turbulent eddies centred in the upper part of the cloud layer. While they often reach all the way to
the cloud base or below and tend to be anisotropic in Ajgs 15 (width-to-height ratio greater than 1), they
typically only occupy the upper half of the cloud layer in A5 15 and have a width-to-height ratio close to 1.
We find that the large coarse-resolution eddies lead to the highest total cloud-top turbulent kinetic energy
(TKE), while the smaller high-resolution eddies lead to the highest vertical component of the TKE at the
cloud top. The correlation between cloud-top (w'w’), entrainment rate, and (LWP) becomes less pro-
nounced after ~60 min of simulation time. This is likely because convective eddies spanning the STBL gen-
erated by a combination of surface heating and cloud-top cooling also begin to play a role in the
entrainment process.

Decreased (LWP) leads to decreased radiative cooling, and thereby less production of vertical TKE near the
cloud top. The cloud-top radiative cooling R, calculated as the mean vertical divergence of F,4 between
the middle of the cloud layer, i.e., halfway between the cloud base and the cloud top, and the first grid
point above the cloud top, is shown in Figure 3d. Less vertical TKE leads to less entrainment and subse-
quent stabilization of (LWP). In simulation A5 15 this happens at t ~ 80 min and in Aqgs 15 at t ~ 110 min.

As noted by Stevens et al. [2005], decreased radiative cooling can also lead to a decoupling, that is, a situa-
tion where an initially well-mixed STBL evolves toward a two-layer structure despite being strongly
forced—in this case by a large-scale horizontal pressure gradient corresponding to a geostrophic wind of
8.9 ms~ ! and surface sensible and latent heat fluxes of 15 and 115 W m~2 [Stevens, 2000]. Analyzing the 2
last hours of the simulation time, we see some evidence of decoupling in the performed simulations. Figure
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L IR — . L L— 5 shows vertical profiles of
L TIIIITIIIIII NI () Avosas domain-averaged passive scalar
N concentration averaged over

Y D Sy this period. In simulations with
L I T I I I Ll Az=15 m (Figure 5a) increasing
—_——— e

==
. == Ax aTnd thereby (LWP) (as seen
\‘\\E\\\ﬂ in Figure 1) generally leads to
7 e L :

= /ﬁ//// .- ;;\/*/‘///5//// better mixed profiles. The same
= //N l\\\\\\\‘w//// /;/ is seen for the wind speed—

2 PN\ ST 7 .
2 l]( {V AN\ Z,;/jj also averaged over the domain
N \iiii%jjjé and over the final 2 h—shown

VN N N e 7 i i i

- PN I in Figure 6 in the same format
— N B ettt as Figure 5. Increasing Ax tends
L AR A to decrease wind shear in the
- middle region of the STBL
\\\\ p (100m <z <500m  approxi-
gl ; . e mately); an effect very similar to

that of slightly increasing the
surface heat flux [Pedersen et al.,
2014]. Regarding both scalar
concentration and wind speed
we also see the tendency of
better mixed profiles with
increasing Ax when using Az=
10 m, but not with Az=5 m; the
horizontally averaged passive
scalar concentration is nearly
constant with height within the
STBL in both Azo‘s, A35,5, and
Azos (dark-red dashed, solid,
and dash-dot lines in Figure 5b),
but decreases throughout the
STBL with increasing Ax. The
05 N R : ) wind speed shows no system-
15 1.6 1.7 18 1.9 2 atic dependence on Ax when
Horizontal distance [km] Az=5 m. Altitudes of cloud top
Figure 4. Segments of vertical cross sections showing in-plane velocity fluctuations from and cloud base averaged over
(a) simulation Aqps 15 and (b) simulation A;s ;5. Red lines indicate local cloud base and top. the periOd between t = 240 and
t = 360 are marked by long and
short horizontal lines along the vertical axes in Figure 5. Values from simulations not included in Figure 5
can be found in Table 1 which also provides the cloud thickness. Increasing Ax generally leads to a lower
cloud base and a higher cloud top, and hence a thicker cloud.

Height [km)]

Figure 7 shows vertical profiles of the second and third moments of vertical velocity averaged between 240
and 360 min of simulation time. The crosses represent estimates derived from in situ measurements (taken
from Stevens et al. [2005, Figure 5]). Coarsening the horizontal resolution in simulations with Az=15 m (Fig-
ures 7a and 7b) has little effect on (w'w’), but generally tends to reduce (w'w'w’), that is, to make the STBL
less updraft-dominated leading to a better agreement with the measurements in the upper half of the STBL
(above 400 m) but worse near the surface (below 200 m). None of the simulations with Az fixed at
15 m, however, reproduce the clearly downdraft-dominated cloud layer indicated by the negative values of
(W'w'w’) derived from measurements. This was also the case with simulations reported in Kurowski et al.
[2009], see Figure 2 therein. With Az=5 m (dark-red dashed, solid, and dash-dot lines in Figures 7c and 7d)
the cloud-layer (w'w'w’) is negative in all simulations—slightly more so in Asgs and Asss than in Ays.
Regarding (w'w’), we see little difference between Asss and Ayys, while Ajos gives lower values at
all heights. Finally we note that A;¢s10 (dashed green line in Figures 7c and 7d) is the only simulation with
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Figure 5. Vertical profiles of passive scalar concentration averaged over the period between 240 and 360 min of simulation time; (a) simula-
tions of varying Ax and (b) simulations of varying Az (solid lines) and Ax (dark red lines). Short/long horizontal lines indicate cloud base/top.

Az=10 m to produce negative values of (w'w'w’) in the cloud layer. The shape of the corresponding (w'w’)
profile resembles that of the profiles from simulations with Az=5 m, but the absolute (W'w’) values are
closer to those from simulations with Az=15 m.

In the following we present a spectral analysis which will allow us to: (1) asses the fidelity of the model in
terms of its ability to produce an inertial subrange, (2) obtain characteristics of the simulated turbulence
(e.g. level of isotropy) at different scales and at different vertical levels, and (3) estimate whether the applied
computational domains are sufficiently large.

Figures 8a and 8b show the spectral energy density of vertical velocity E,, (solid lines) from simulations with
different Ax. Following Peltier et al. [1996] we define

_ 2nxFyF,

B Ay Ak (13)

Ew(x)

1/2
where * denotes the complex conjugate, k= ;cf-l—rcf,) is the magnitude of the wavenumber vector and
Fuw (icx, 0y ) =FFT2{w(x,y)}. Here FFT2 denotes fast fourier transform (FFT) first along the x-direction for all

y-values, followed by FFT of the result along the y-direction for all i,-values. The FFT computes

Y (k)eRU=DED for j=1,2,...,N (14)

>
=

-
Mz

k=1
where N is the number of data pointsin Y.

The components of the wavenumber vector are defined by

27n L
KX:TX for ”X:1’2”“’BX (15)
and
Znny L
= fi =1,2,...,-~ 16
Ky Ly or ny )<y 7Ay ( )

We plot E,, as a function of the wavelength defined by A=27/x. The blue, red, green and orange lines are
from simulations Dgs 15, Ags 15, Ass 15 and Ajs 15 and represent averages over bins of /-values and over the
last hour of the simulation. The blue dash-dot lines represent the spectral energy density of potential tem-
perature Ey and will be dicussed with respect to domain size in section 3.3. Figures 8a and 8c show spectra
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Figure 6. Same as Figure 5 but for wind speed.

from the middle of the subcloud layer (defined as the layer between the surface and the cloud base), and
Figures 8b and 8d show spectra from near the cloud top. The exact altitudes are given in the figure.

In the subcloud layer, the simulation with the highest resolution (A;s 15) show the expected E,, K33 scal-
ing (black dashed line) over a relatively wide range of wavelengths (approximately from 1000 m down to
200 m). However, we see less evidence of an inertial subrange as Ax is increased, and the spectra indicate
that the model is too dissipative. At the cloud top the vicinity of the capping inversion limits the size of the
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Figure 7. Same as Figure 5 but for (a and ¢) (w'w’) and (b and d) (w'w'w’). Crosses are estimates derived from in situ measurements
(taken from Stevens et al. [2005]).
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Figure 8. Spectral energy density of vertical velocity E,, (solid lines) and potential temperature Ej (dash-dot lines) from simulations with (a
and b) different Ax, (c and d) different Az and different domain sizes. Solid and dash-dot lines represent averages over bins of -values
and over the last hour of the simulation period; (a and c) from the middle of the subcloud layer, and (b and d) from near the cloud top.
The black dashed line represents E,, o x5/3.

turbulent eddies, and the spectra show short or no inertial subranges. This is in agreement with Yamaguchi
and Randall [2012] who show that the longest wavelength of the inertial subrange decreases with increas-
ing height. The spectra from the middle of the subcloud layer are comparable to those presented in Bryan
et al. [2003, Figure 10], Piotrowski et al. [2009, Figure 16], and Yamaguchi and Feingold [2012, Figure 2], but
clearly inferior when compared to those obtained using a pseudo-spectral model (e.g., as shown by Sullivan
and Patton [2011, Figure 7]). Averaging over all the performed simulations we find that the inertial subrange
extends down to 4 ~ 8Ax (see supporting information).

The spectral energy density of horizontal and vertical velocity components E,, E,, and E,, are compared in
Figure 9 using blue, red, and green lines, respectively. Panels (a) and (b) show spectra from simulation A;s 15
from the subcloud layer and the cloud top. In the subcloud layer, the three spectra nearly overlap at all
wavelengths indicating isotropic turbulence. Near the cloud top, on the other hand, E,, is significantly
smaller than E, and E, at scales larger than ~300 m. The latter indicates that the turbulence is anisotropic at
these scales. Increasing the horizontal grid spacing to 35 m (panels c and d), makes the observed anisotropy
even more pronounced.

3.2. Dependence on the Vertical Grid Spacing

As shown in Figure 1d, decreasing Az tends to increase cloud cover and, especially for Az < 20 m, also
(LWP) as seen in Figure 1b. We find this to be related to the strength of the capping inversion. Refining the
vertical resolution allows stronger vertical gradients which strengthens the inversion and inhibits entrain-
ment. This is illustrated in Figure 10 showing (LWP), entrainment rate based on changes in integrated pas-
sive scalar concentration, maximum vertical gradient of horizontally averaged density potential
temperature I, and radiative cooling across the cloud top for simulations with fixed Ax=35 m, and Az
varying between 5 m (dark red line) and 35 m (dark blue line). For this subset of simulations, the most signif-
icant changes in (LWP) happen within the first 2 h. Simulation A;s 5 stands out as it is the only simulation
with Ax=35 m in which (LWP) continues to increase throughout the simulation period (from t =80 min
onward).

Furthermore, averaging over the last 2 h of the simulation period, profiles of the passive scalar concentra-
tion in Figure 5b indicate that Ass 5 is the simulation with the best mixed STBL. A well mixed boundary layer

PEDERSEN ET AL.

ILES OF THE STRATOCUMULUS-TOPPED BOUNDARY LAYER 896

8508017 SUOWIWOD dAIER.1D) 8|dealdde 8y Ag peussAob aJe Sejoile YO ‘8sn JO Sa|nJ Jo) Aeld17 8U1IUO /8]I UO (SUOIPUCD-PUe-SWLB)/L0D" A8 | IM"ARe.q 1[pul JUo//:Schy) SUOIPUOD pue swie | 8Y) 89S *[9202/T0/TE] Uo AeiqiTauljuo A8|IM ‘Z.S000S WSTOZ/Z00T 0T/I0p/u0d A8 | im Akelq1jputjuo'sgndnBe;/:sdny wouy pspeojumod ‘Z ‘9T0Z ‘99v2Zr6T



QAG U Journal of Advances in Modeling Earth Systems  10.1002:2015ms000572

E, E, E, m3s7? Ey, E,, B, [m®s7? E.,, E,, E, [m®s™?

E,, E,, E, [m*s~?]

10°

10

10°

10”

10"

10°

3
10

10"

10°

10°

10

10

(b) A15‘15 (825 m)

- =

Afm]

10°

Afm]

Figure 9. Spectral energy density of horizontal and vertical velocities (E,, E,, and E,,) represented by blue, red and green lines from simula-
tion (a and b) Ass 15, (c and d) Ass 15, (€ and f) Ass 5, and (g and h) Ao s; (a, ¢, e, and g) from the middle of the subcloud layer, and (b, d, f,
and h) from near the cloud top. The black dashed line represents «=>/3 scaling.

is in agreement with the experimental profiles of g, and 0, [cf. Stevens et al., 2003, Figure 2]. Generally, with
increasing Az (and thereby decreasing (LWP) as seen in Figure 1), a smaller fraction of entrained passive
scalar is transported to the surface layer; this is most clearly seen for Az < 20 m. The ratios between the
mean passive scalar concentration at z ~ 700 m and the concentration at z ~ 100 m are 1.7, 2.2, 1.8, 2.0,
1.5,1.3, and 1.0 for A_?,s,_?,s7 A35.307 A_7,5,257 A_?,5,2()7 A_?,5,157 A35,10, and A35A5. The effect on the wind speed proﬁles
shown in Figure 6b is less pronounced.

The profiles of (w'w’) averaged over the last 2 h are shown in Figure 7c. Decreasing Az generally leads to
higher values and moves the maximum of (W'w’) from the subcloud layer to the cloud layer, bringing the
simulated profiles closer to the observations. We argue that this is in part because decreasing Az leads to
higher (LWP), stronger radiative cooling (as shown in Figure 10) and thereby a more turbulent STBL (espe-
cially near the top), but also in part because higher resolution in itself means that more turbulent eddies are
resolved and hence the higher values of (w'w’). Furthermore, refining the vertical resolution changes the
third moment (Figure 7d) from positive to negative above 400 m. Thus the cloud layer changes from being
updraft-dominated to downdraft-dominated, in better agreement with the observations. Simulation Ass s
stands out in this respect together with Ay 5, Az s, and Aqos10. We also note that while the cloud thickness
generally increases with decreasing Az (see Table 1), simulation Asss is the only one with Ax=35 m in
which the cloud thickness increases during the simulation period.

Finally, the spectral energy density of vertical velocity shown in Figure 8 exhibits less dependency on verti-
cal resolution (Figures 8c and 8d) than on horizontal resolution (Figures 8a and 8b). However, near the cloud
top, we do see a reduction in E,, at scales larger than ~300 m as Az is reduced to 5 m. Figures 9e and 9f
show that the turbulence in the subcloud layer of simulation Asss is isotropic, while the cloud-top
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Figure 10. Time series of (a) domain-averaged LWP, (b) temporal derivative of passive scalar concentration integrated across the STBL, (c)
maximum vertical gradient of density potential temperature, and (d) radiative cooling across the cloud top for simulations of varying Az.

turbulence is clearly anisotropic—more so than in A;s 15, and Ass ;5 (Figures 9b and 9d), and at all scales.
Increasing Ax to 70 m while keeping Az=5 m (Figures 9g and 9h) adds further to the anisotropy of the
cloud-top turbulence by slightly reducing E,,, cf. the results presented in the previous section 3.1.

3.3. Dependence on the Domain Size

As shown in Figure 1, domain-averaged cloud cover and LWP* do not indicate any significant dependence
on the horizontal extent of the computational domain in the range between 3.5%3.5 and 21x21 km? stud-
ied here. Neither does visual inspection of patterns of updrafts, downdrafts, and cloud cover reveal any clear
domain-size sensitivity. We do, however, detect larger coherent structures as the domain size is increased.
In Figure 11, we show horizontal cross sections of vertical velocity in the middle of the subcloud layer and
in the middle of the cloud layer from simulations Css 15 and Ass 15 (a and b), Cs5 35 and Ass 35 (c and d), and
Cgs,15 and Ags 15 (e and f). The exact altitudes of the cross sections are given in the figure. Black/red lines
mark updrafts/downdrafts with |w| > 0.1 ms~" and the increment between contours is 0.6 ms~'. The back-
ground color in Figures 11b, 11d, and 11f indicates LWP. While the shown cross sections are single snap-
shots after 360 min of simulation time, the following observations and analysis are based on series of such
snapshots captured every 20 min between 240 and 360 min of simulation time.

At a glance, the appearance of the small-domain cross sections do not differ significantly from the corre-
sponding big-domain cross sections. There are however notable differences concerning the size of the larg-
est coherent updrafts. As a measure of the updraft size, we calculate:

1/2
—(pop
1= (IX ) (17)
for each area with w > 0.1ms™ in each cross section. Here [, and l, denote the dimensions in the x- and y-
directions of such an area. An updraft extending across one of the periodic boundaries is taken as one large
updraft and not as two smaller updrafts. In each cross section we identify the largest updraft in terms of /
and then average over 240 < t < 360 min to get /.y at a given height. As an example, we have highlighted
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Figure 11. Horizontal cross sections from simulations (a and b) Czs15 and Ass 15, (c and d) C3s 35 and Ass 35, and (e and f) Cgs 15 and Ags 15
showing vertical velocity (contours) and LWP (white-to-blue background color in Figures 11b, 11d, and 11f). Black/red contours mark
updrafts/downdrafts with [w| > 0.1 ms™". Values in Figures 11a, 11¢, and 11e are from the middle of the subcloud layer and values in Fig-
ures 11b, 11d, and 11f are from the middle of the cloud layer. The rectangle in the upper right corner of Figure 11c indicates the position
and size of the largest updraft in that cross section highlighted by the grey color.

the largest updraft at z=315 m and t = 360 min in simulation Css 35, in Figure 11c, and placed a rectangle
of side lengths I, and /, around it.

In Table 2 we provide values of jmax from simulations A35A15, C35715, A35,35, B35735, C35‘35, D35,35, A35$15, Bgsjs,
Cgs.15, and Dgs 15. For all three resolutions and for all domain sizes, the values from the subcloud layer are
larger than values from the cloud layer, and in simulations with domain sizes B, C, and D, the size of the
largest updrafts generally exceeds the horizontal extent of domain A. This, however, does not seem to sig-
nificantly affect cloud cover or (LWP). The relatively small differences in terms of /s in both the subcloud
layer and cloud layer between Css 35 and D3s 35, and Cgs 15 and Dgs 15 respectively, indicate nearly converged
solutions with respect to the domain size.

The spectral energy density of vertical velocity in the middle of the subcloud layer (Figures 8a and 8c)
exhibits a peak at A ~ 1 km, that is, at a scale smaller than the horizontal extent of even the smallest
domains considered here. However, as pointed out by de Roode et al. [2004], other fields, such as the poten-
tial temperature, may be dominated by fluctuations at larger scales and should be taken into account in a
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Table 2. /.. in Subcloud and Cloud Layers®

Name Imax in Subcloud Layer (km) Imax in Cloud Layer (km) Ly XLy XL, (km?)
Assis 4.3(0.2) 29(0.5) 3.5X3.5X1.5
Gs15 123 (3.1) 44(0.7) 14X14X1.5
Ass 35 3.6 (1.0) 2.0 (0.4) 3.5X3.5X1.5
Bss 35 59(2.2) 2.7(03) 7X7%1.5
G535 7.4(0.9) 3.5 (0.6) 14X14X1.5
D3s 35 8.1(2.2) 33(05) 21X21X1.5
Ass 15 3.9(0.7) 3.2(0.8) 3.5X3.5X1.5
Bgs 15 8.9(2.7) 4.1 (0.8) 7X7X1.5
Ces.15 129 (3.5) 6.4 (0.6) 14X14X1.5
Dgs .15 13.9 (3.3) 6.5 (0.9) 21X21X1.5

I max calculated in the subcloud layer and in the cloud layer for simulations with varying resolution and domain size. Standard
deviations with respect to the time-averaging are written in parentheses after the mean values.

full analysis of whether a given domain is large enough. Spectral energy densities of 0 from simulations
Dgs,15 and Dss 35 are shown in Figures 8a and 8¢, and the lack of clear spectral peaks indicates that a domain
larger than 21x21 km? in the horizontal directions may be necessary for accurate simulation of the temper-
ature fluctuations in the case studied here.

4, Discussion and Concluding Remarks

Increasing Ax while keeping Az fixed generally leads to higher (LWP) and cloud cover. Increasing Az while
keeping Ax fixed has the opposite effect. This is in agreement with findings shown in Appendix B of
Yamaguchi and Randall [2012] and in Cheng et al. [2010], and regarding the Az-dependency also with Kur-
owski et al. [2009] and Stevens et al. [2005]. The study of Yamaguchi and Randall [2012] is based on simula-
tions with higher resolutions than in the present study, while the one of Cheng et al. [2010] is based on
simulations with coarser resolutions. The results of Yamaguchi and Randall [2012] show signs of conver-
gence with respect to resolution, but simulations with grid intervals less than 5 m in the horizontal and
2.5 m in the vertical are needed to verify this. Individually decreasing Ax to 10 m and Az to 5 m, as is done
in the present study, does not indicate convergence. In contrast, Stevens et al. [2005] find that changing
grid spacing from 35X35X5m3 to 20X20X5m?* has no significant impact on the flow statistics. We find
such a change in resolution to have only little or no impact on cloud cover and profiles of variance and
skewness of the vertical velocity, but a significant impact on the domain-averaged liquid water path. It is
not clear to which statistics Stevens et al. [2005] refer, but we find it likely that the reported lack of Ax-
dependency is due to the stochastic nature of LES; as we show, simulations are sensitive to what happens
in the early stages, and repeating the simulation with Ax=Ay=20 m might lead to another result. As an
example, we note that in the present study decreasing Ax from 55 to 45 m increases LWP* and cloud cover
(see Figure 1). Had this been our only result, we would have reached a conclusion opposite to what we
actually find. Due to the relatively large number of simulations included in the study, we are quite confident
about our conclusions. Ideally, however, each simulation should be repeated several times.

We show that fine horizontal resolution facilitates formation of small-scale turbulence near the cloud top
early in the simulations (particularly for t < Th). This enhances entrainment and reduces (LWP). Fine vertical
resolution strengthens the capping inversion during the first 2 h of simulation, which inhibits entrainment
and leads to less reduced or even increased (LWP). In the specific case studied here (DYCOMS-II RFO1),
where the measurements indicate a cloud cover above 99% and a constant or perhaps increasing cloud
thickness, we find that simulations with a high grid aspect ratio (achieved by using either coarse horizontal
or fine vertical resolution) give the best agreement with observations—at least with respect to these two
key parameters of stratocumulus clouds, and to some extent also for the profiles of second and third
moments of the vertical velocity. In simulation Ass 5 we see increasing cloud thickness and a nearly constant
cloud cover fraction of ~1 [see also Kurowski et al., 2009], while in A5 15, with nearly twice as many grid
points, the cloud thickness decreases and the cloud cover fraction is reduced to ~0.85 after 6 h. Moreover,
in simulation Asq515—applying only a little more than 1/50 of the grid points used in A;55—the cloud
cover remains close to 1 in agreement with the measurements.
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To understand why simulations with anisotropic grids, relatively fast in terms of computation time, perform
better than the simulation with the isotropic grid, we need to look at the dynamics of turbulent transport
across the inversion capping the STBL—the mechanism responsible for entrainment of free tropospheric air
into the boundary layer. We present two explanations: First, the thickness of the inversion is typically of the
order of 10 m (e.g., see the experimental data from DYCOMS-Il in Haman et al. [2007] and from POST in
Gerber et al. [2013]), and only simulations with a vertical grid spacing of a few meters or less can be
expected to capture its basic properties, including strong local wind shear and temperature gradients. Thus,
with limited computational resources, we find an anisotropic distribution of grid points, resulting in higher
vertical than horizontal resolution, to be more desirable than an isotropic distribution with a comparable
number of grid points. Second, as indicated by the high-resolution measurements of Katzwinkel et al. [2012]
and |. Jen-La Plante et al. (Physics of Stratocumulus Top (POST): Turbulence characteristics, submitted to
Atmospheric Chemistry and Physics Discussions, doi:10.5194/acp-2015-950, 2016), the inversion layer is very
stably stratified yet turbulent. It is also well documented that turbulence in stably stratified fluids is highly
anisotropic (see the seminal paper of Lindborg [2006] and references therein). As discussed e.g., by Khani
and Waite [2014], the Ozmidov scale Loz(e/Nf’)U2 (where € is the TKE dissipation rate and N is the buoyancy
frequency) divides the inertial range into wavelengths larger than L, featuring anisotropic turbulence, and
wavelengths less than Lo characterized by isotropic turbulence. Recent experimental data from POST (Jen-
La Plante et al., submitted manuscript, 2016) show values of the Ozmidov scale in the turbulent inversion
ranging between 0.2 and 1.7 m with a typical value of ~0.4 m. Thus, we can assume that cloud-top turbu-
lence at scales typically resolved in LES and relevant for entrainment (i.e., between ~0.5 and ~60 m accord-
ing to de Lozar and Mellado [2013]) is anisotropic; assuming the cloud-top SGS turbulence to be isotropic in
LES/ILES of the STBL will in many cases be wrong. With a fixed vertical resolution, we find simulations on
anisotropic grids to capture the anisotropic nature of the turbulence better than simulations on isotropic
grids. As indicated by the spectral energy densities shown in Figures 9b and 9d, the turbulence near the
cloud top is more anisotropic in Ass 15 than in Ass15. The coarser horizontal grid spacing in Ass 15 leads to
higher effective viscosity in this direction which dampens vertical velocity fluctuations (e.g., as illustrated in
Figure 4), and thereby mimics the observed anisotropy of stably stratified small-scale turbulence.

To sum up, we find that the observed cloud cover fraction of ~1 is quite easily obtained by simply using a
sufficiently high grid aspect ratio, e.g. Ax/Az=105/15=7; it does not require a very fine vertical resolution.
LWP* > 1 is more difficult to obtain. With Az=15 m the increase in LWP* with Ax seems to stop at Ax ~ 85
m where LWP* ~ 0.7. However by a small decrease of Az to 10 m, LWP* ~ 1 is obtained with Ax=70 m,
and we get LWP* > 1 with Ax=105 m. With Az=5 m the vertical extent of a typical STBL inversion layer will
be resolved with a few grid points, and we find LWP* > 1 for all three values of Ax used here. We do how-
ever still see a strong dependence on the horizontal grid spacing, and speculate—based on the observed
trend of the performed simulations—that reducing it to 5 m will result in the same low values of LWP* as in
A1s.15 and Aqg 10, in poor agreement with observations. We hypothesize, that for simulations using isotropic
grid boxes to agree well with observations, the grid spacing must be equal to or less than the cloud-top
Ozmidov scale, or as suggested by Khani and Waite [2014] a fraction of the cloud-top bouyancy scale /.
Using the Smagorinsky SGS model, Khani and Waite [2014] find that the grid spacing should be less than
0.17l, which based on the POST data (Jen-La Plante et al., submitted manuscript, 2016) corresponds to
~6Lo, i.e., typically around 2.5 m. Regarding the profiles of (w'w’), none of the performed simulations in the
present study come satisfyingly close to the measurements. Simulations with Az=5 m do however perform
significantly better than simulations with Az=10 m and Az=15 m. They are also the only ones—together
with Aqgs 10—to reproduce the clearly negative values of (W'w'w’) observed in the cloud layer; i.e., we find
that a downdraft-dominated cloud layer can be achieved by either using moderate grid aspect ratios and
Az=5 m, or high grid aspect ratios and Az=10 m.

Within the parameter space studied here, we find domain size to have no significant impact on cloud statis-
tics (such as the cloud cover and (LWP)). Visual inspection of horizontal cross sections through the subcloud
and cloud layers indicate that the horizontal organization of updrafts and downdrafts does not depend on
domain size, regardless of the resolution. We do, however, find the horizontal extent of the largest coherent
updrafts to increase when the domain size is increased from 3.5X3.5X1.5km? to 7X7X1.5km? and to
14X14x1.5km?>. Further increase to 21x21% 1.5 km* shows little or no increase of the updraft size, indicat-
ing that a domain size of 14X 14X 1.5km? is sufficient in this case to account for the largest relevant flow
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structures. However, we cannot exclude that longer simulation periods than the 6 h used here may result in
larger structures requiring larger domains. Spectral analysis of the potential temperature from simulations
Dgs,15 and Dss 35 indicates that accurate simulation may require a domain with a horizontal extent larger
than 21Xx21 km?.

We show that the differences in (LWP) and cloud cover among simulations with different spatial resolution
arise during the first 2 h of the simulation time. These initial changes in cloud structure immediately affect
the cloud-top radiative cooling which in turn affect not only entrainment, but the dynamics of the STBL in
general. This does not mean, however, that the observed differences between simulations are purely
spin-up phenomena. We find that a simulation with Ax=a initialized using interpolated fields (velocity, tem-
perature etc.) from, say, 4 h of a simulation with Ax=b > a gradually adjusts (LWP) and cloud cover back to
values matching those from a simulation with grid spacing Ax=a initialized according to the horizontally
uniform profiles given by equations (1)-(4).

Finally we note that the results and conclusions presented here apply to the specific marine stratocumulus
case. Simulation of other cases, e.g. with a broken cloud field and significant horizontal entrainment
through the lateral cloud boundaries, may very well exhibit different dependencies on resolution and
domain size.

Our choice to use ILES is motivated by the promising results of Stevens et al. [2005], Piotrowski et al. [2009],
Kurowski et al. [2009], and Remmler and Hickel [2012]. We furthermore note that, in contrast to the traditional
Smagorinsky-type SGS-modeling, ILES does not require specification of a single length scale based on grid
spacings in all three directions, for instance, as Lsgs=(AxAyAz)1/3. Such a specification arguably leads to an
overestimation of the vertical transport in simulations with anisotropic grids (e.g., compare results from LES
with SGS terms included and ILES in Table A.l in Kurowski et al. [2009]). For future studies of the STBL, we
are considering application of either a dynamic SGS model motivated by results of Basu and Porté-Agel
[2006] and Khani and Waite [2015] or a generalized Smagorinsky model in the spirit of Scotti et al. [1993] to
more properly account for the grid anisotropy. The method of ILES is still not fully mature, and it would be
interesting to see if the results presented here could be reproduced using the more mature and widely
accepted method of conventional LES.

The simplicity of the ILES model applied in this study made it possible to run all the performed simulations
on a desktop computer within a reasonable amount of time. The results provide useful insights into the role
of grid anisotropy in numerical simulation of the STBL and will be used in the setup of simulations of higher
resolution and larger domain size.
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