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Abstract. To assess the realism of large-eddy simulation (LES) of the stratus-topped boundary layer
and its predicted turbulent structure, we performed detailed data analyses on a LES (which has a
12.5 m grid size in all three directions), in a manner similar to those used by Nicholls (1989) on aircraft
measurements. The first analysis retrieves the primary convective elements, i.e., the negatively buoyant
downdrafts, which are driven mainly by cloud-top radiative cooling, through a conditional sampling
technique. Comparison shows that the LES of this resolution reflects most of the observed downdraft
features; most of the discrepancies that exist between the obervations and the LES can be explained
by decoupling of the cloud layer from the underlying flow that exists in the former but not in the latter.
The second analysis shows the vertical velocity spectrum and its agreement with the measurements. In
the third analysis, showing the turbulent kinetic energy budgets, the discrepancy in the turbulent
transport term (i.e., the divergence of the third-moment quantity wE, the turbulent-kinetic-energy
flux) between the LES and measurements exists even with such a fine resolution LES. This discrepancy
is related mainly to the different behavior in w* between the LES and observations, which may again
be associated with decoupling.

An advantage of LES over aircraft observations is that the former can provide three-dimensional
flow structure at any instant. In this paper, we examined the instantaneous flow structure and observed
closed cellular patterns near the cloud top in which updrafts occupy the broad centers and relatively
strong downdrafts occur in the narrow edges. In the intersections of these cell boundaries, there exist
weak downdrafts, consisting of relatively cold and dry air, that are the most likely origins of the strong
downdrafts extending throughout the mixed layer.

1. Introduction

The large-eddy simulation (LES) approach for noncloudy boundary-layer flows
has been evaluated against observational data, and used extensively during the
past 20 years to study the coherent structures, overall turbulence statistics, and
turbulence closure problems for planetary boundary layer (PBL) parameterizations
(e.g., Deardorff, 1974; Moeng and Wyngaard, 1984, 1986, 1989; Schmidt and
Schumann, 1989). The basis behind the large-eddy simulation technique is that
most of the turbulence eddies are explicitly calculated, thus most of the important
physical processes within the clear PBL are explicitly resolved. The LES appli-
cation for stratus-topped PBL, is not, however, as well-justified as for the clear
PBL. In the stratus LES, many of the important physical processes (i.e., conden-
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sation and radiation) have to be parameterized (Deardorff, 1980a; Moeng, 19806).
The numerical simulations therefore require assessment: to what extent are the
stratus LES results physically realistic?

To answer this question, it is necessary to compare LES flow in detail against
measurements. So far, no detailed comparisons have been made mainly because
of too coarse a resolution in the LES and the lack of observational studies of the
detailed features of the stratus-topped PBL. Many observational datasets of stratus
or stratocumulus have been reported, e.g., Brost ef al. (1982a,b), Caughey et al.
(1982), Slingo et al. (1982), Nicholls and Leighton (1986), and Nicholls and Turton
(1986). All these studies presented results mainly of averaged statistics in which
detailed flow information is lost. Recently, Nicholls (1989) presented detailed
small-scale features of the convective motions within the stratus-topped PBL by
conditionally sampling the same data used in Nicholls and Leighton (1986). At
the same time, with the increasing power of computers, the resclution in LES has
been greatly enhanced. We are now able to perform an LES with a
12.5 X 12.5 x 12.5 m numerical grid mesh which makes assessment and compari-
son possible. As pointed out by Nicholls (1989): “Large-eddy simulations are now
capable of producing details down to scales ~10 m, which are comparable with the
scales measured from aircraft and will increasingly be used to study entrainment
processes. It is hoped that the results presented here will be useful in assessing
the realism of these simulations in a particularly difficult area for both numerical
modeling and observational work”.

In this study, we report a LES of the nocturnal stratus-topped PBL with a
numerical resolution as fine as we can reach with current supercomputing power.
The simulated flow structure is analyzed in a manner similar to that used by
Nicholls (1989), and the realism of the simulated structure is assessed. It is unfortu-
nate that the observed cases reported by Nicholls are day-time stratus clouds,
while our LES is a night-time stratus case. There are certain differences (e.g.,
tendency of decoupling of the day-time stratus cloud layer from its subcloud layer)
between the day- and night-time cases, and therefore our comparison here is
meant to address only broad features. We did not compare our simulation with
the stratus cloud fields observed from the Dynamics and Chemistry of Marine
Stratocumulus (DYCOMS) Experiment or the First ISCCP Regional Experiment
(FIRE) because we are unaware of any study that presents the detailed features
of those fields.

2. The Large-Eddy Simulation Data

Our large-eddy simulation has 160 X 160 X 80 grid points covering a 2 X 2 X 1 km
numerical domain, hence it resolves turbulent eddies down to 25 X 25 X 25m
(twice the size of its grid spacing) with a numerical time step of 0.2 s. The subgrid-
scale model used in the LES code is described in Moeng (1984). The geostrophic
wind is 5 m/sec and the sea surface temperature is about 285 K. This simulation
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TABLE I

Some statistical parameters

Cases Simulation Observation
wy (m/s) 0.70 0.62

T, (K) 0.029 0.026

Q. (g/kg) 0.017 0.029

w, (cm/s) 0.56 0.75

AT, (K) 5.97 6.88

Ag (g/kg) -1.56 -3.28

h (m) 470 370-1120
R (Kh™) 6.1 5.1-7.1

* R is the maximum cooling rate near the cloud top.

includes parameterized interactive long-wave radiative cooling and latent heating
processes; those two schemes are described in Moeng (1986). It excludes solar
radiation to represent the nocturnal stratus-topped PBL. After the simulation
reaches a quasi-steady state, we recorded seven LES datasets, over a period of
about two large-eddy-turnover times, for the following analysis. During this
period, the mean cloud top height grows from 463 to 473 m. The cloud-base height
is about 250 m. At the cloud top, the averaged virtual potential temperature,
moisture mixing ratio, and radiative cooling rate are about 285.7 K, 6.9 g/Kg, and
6.1 K/hr, respectively. The surface buoyancy flux is positive but rather small; it is
about 5 W/m?. The surface moisture flux is about 15 W/m?. The dominant large
eddies have a horizontal width of about the depth of the cloud-top height, so the
2km extent of our horizontal domain covers about four such eddies in each
direction; this, along with time averaging over the recorded seven datasets, should
be adequate in representing the large eddies.
The scaling parameters of the vertical velocity, temperature, and moisture used
in this study are defined as follows:
1/3

_ g —
we=1{2;, = (wT,) ) 1
=/ £ ) 1 M)
T,= (W_Tv)cld/W* ) 2)
Q* = (w—q‘z + W—ql)cldlw* s (3)

as suggested by Moeng (1986), where z; is the mean cloud top, g/T, the buoyancy
coefficient, T, the virtual temperature, ¢, the water vapor mixing ratio, g; the
liquid water mixing ratio, w the vertical velocity, and (WT)ewa and (wgq, + wq1)aa
are the layer-averaged virtual temperature and total moisture fluxes within the
cloud layer. Nicholls’ scaling parameters were defined in a slightly different
manner. He defined Q. using the moisture flux at the cloud-top level. Since the
moisture flux profile varies in height, we believe that the use of a cloud-layer-
averaged moisture flux is more representative. Table I lists the relevant statistics.
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We adopted a method in computing the cloud-top jumps AT, and Aq similar to
that used by Nicholls (1989). They are computed as: Af =2, 2 [f(x,y,z27) —
f(x,y,z7)], where fis either T, or g; z " is the level just above the highest cloud-
top level (that is, z* = max[zrop(x, )| + Az, where zrop(x, y) are the local cloud
tops and Az is the vertical grid interval); z~ is the level just below the lowest
cloud-top level.

This simulated stratus cloud has a liquid-water-moist-static-energy jump,
Ah; ~ 6.7 K and a total moisture mixing ratio jump, Ag ~ —1.6 g/Kg, which gives
an equivalent-potential-temperature jump, A6, ~ 2.5; therefore, according to the
criterion suggested by Randall (1980) and Deardorff (1980b), the cloud layer is
stable with respect to the cloud-top entrainment instability.

Before comparing the results of LES and Nicholls’ aircraft measurements, it is
useful to examine the spatial structure of w', T, ¢’ (total moisture mixing ratio)
and g; fields in horizontal cross-sections at various heights at any instant. Figure
1 presents these fluctuations at z = 0.95z;. At this level, we observe closed cellular
patterns in which the updrafts occupy the broad centers and strong downdrafts
occupy the narrow edges. These cellular patterns are evident only when the grid
mesh is as fine as this simulation. The diameter of the quasi-circular cellular
pattern is about four times the width of the downdrafts. This cellular pattern near
cloud top was also observed by Nicholls and Leighton (1986), amcng others.
Nicholls (1989) found that the mean cell diameter is about four times the width
of the downdraft region near cloud top, consistent with our LES results.

There are weak, broad downdrafts occupying the intersecting area among sev-
eral cell boundaries, as marked by X’s in Figure 1. Minima of virtual temperature,
moisture, and liquid water fluctuations are likely to occur in these areas, suggesting
that not only does much of the radiatively cooled air converge into these regions
but also most of the dry air from the inversion is entrained (or engulfed) into
these regions as well. As we shall see later from Figures 24, these areas are the
likely origins of strong coherent downdrafts that extend down to the mixed layer.

Figures 2a—c show the vertical velocity, temperature, and total moisture fluctu-
ations at z = 0.5z;. At this height, the closed cellular structure is no longer obvious.
The dominant structures are thermal plumes in which the width of the updrafts and
downdrafts are approximately the same. The negative buoyancy regions become
broader and their strength decreases, in comparison with those at z = .95z,
Vertical velocity and virtual potential temperature are well correlated. The nega-
tive moisture fluctuations also become smaller, but they have better correlation
with downdrafts than at z = 0.95z,.

At z = 0.1z;, near the surface, the flow pattern (Figure 3) shows that several
relatively strong downward plumes have traveled to this height; most of them are
associated with large negative T, and ¢ at this height. Many of the strong down-
ward plumes which travel to this level originated from the intersections of the cell
boundaries near the cloud top, marked with X’s in Figure 1. This feature looks
similar to the clear convective PBL reported by Clark {(1979), Mason (1990), and
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Fig. 1. Horizontal cross sections of (a) w’, (b) T+, (¢) ¢, (d) ¢/ at z = 0.95z;. The solid and dashed
contour lines represent positive and negative values, respectively.

others who found that clear-air upward thermals tend to originate at the intersec-
tions of the cell boundaries near the surface. However, as pointed out by Nicholls
(1989) and Moeng and Schumann (1991), the dynamical origins of cloud-top-
cooled downdrafts and surface-heated updrafts have a subtle difference: the sur-
face-heated updrafts in the clear convective PBL are accelerated near the surface
mainly by buoyancy, while the cloud-top-cooled downdrafts in the stratus-topped
PBL are forced near the cloud top mainly by horizontal flow convergence.

Next, in Figure 4, we show a vertical cross-section of the vertical velocity, virtual
temperature, moisture, and liquid water at y = 937.5m (i.e., along A—A’ in Figure
1), which was selected to identify individual convective elements. It shows several
downdrafts, some of which extend down throughout the whole PBL as seen in
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Fig. 2. Same as Figure 1, but at z = 0.5z;.

Figures 4a and 4c (e.g., x ~ 20 m and x ~ 1600 m, near the surface). Local negative
buoyancy maxima are located in the cloud layer.

3. Comparison with Aircraft Measurements

In the previous section, we have examined the simulated instantaneous spatial
fluctuations of g, g;, 7., and w. To assess this LES flow field, we shall retrieve
the downdraft structure of the simulated field in a method similar to that used by
Nicholls (1989) for aircraft measurements and try to make as detailed a comparison
as possible.

The aircraft data analyzed by Nicholls (1989) were obtained from five flights by
the Meteorological Research Flight C-130 research aircraft in horizontally exten-
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Fig. 3. Same as Figure 1, but at z = 0.1z;.

sive, uniform stratiform cloud sheets over the North Sea. The cloud layer was
found to be decoupled from the surface in four of the five observations (except
in case 624); that is, the mixed layer is separated from the surface. Hence, Nicholls
showed the results of downdraft structure only within the mixed layer instead of
the whole PBL. In those cases, the convective motions within the cloud layer were
driven mainly by cloud-top radiative cooling, with little heat flux input from the
surface. These aircraft measurements were also studied by Nicholls (1984) and
Nicholls and Leighton (1986). Some relevant statistics of observational data, aver-
aged over five flight cases, are given in Table I.

In the following figures, we plot only the profiles below cloud top level; above
cloud top, statistics depend on environmental conditions, such as inversion depth
and strength. The LES results are represented by solid lines and those of Nicholls
by dots. Our LES excludes solar radiation and drizzle, and has a well-mixed layer
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Fig. 5. Comparison of (a) buoyancy fluxes and (b) total moisture fluxes between the LES (solid lines)
and the measured data (dots).

extending from the cloud top down to the surface. In the following figures, A
represents mixed-layer depth. (Note that z, represents mean-cloud-top height,
which is not the same as # in Nicholls’ cases.) Thus, z/A = 0 in the following
figures indicates the surface for the LES results, while it indicates the mixed-layer
base (which is the cloud base height in two of Nicholls’ cases and is the surface
in Flight 624) for the observational results. In both cases, z/k = 1 indicates cloud-
top level.

3.1. ENSEMBLE-MEAN STATISTICS

To show the overall differences between the simulated and observed stratus clouds,
we will first compare their ensemble-mean statistics; these statistics are represented
by line averaging over an 8-min aircraft path, but by horizontal area averaging
(and about two large-eddy-turnover-time averaging as well) in the LES results.
As we shall see, most of the differences can be explained by the existence of a
decoupled layer in the observed cases. Figure 5 shows the total buoyancy and
moisture fluxes. The fluxes were scaled with the parameters defined in Equations
{(1)—(3). The buoyancy flux is positive within the whole mixed layer and is larger
within than below cloud because of the latent heating. In Nicholls’ cases, the
buoyancy flux decreases sharply away from the cloud top and becomes negative
near the base of the mixed layer; these sharp decreases in height and the negative
buoyancy flux at the mixed-layer base are associated with decoupling.

The total moisture flux is about twice as large in the LES as in the observations.
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Fig. 6. Comparison of (a) u-variance, (b) v-variance, (c) w-variance, and (d) the total kinetic energy
between the LES (solid lines} and the measured data (dots).

The much larger LES moisture flux is due partly to the different surface conditions;
this LES represents the subtropical maritime stratus where the sea surface moisture
supply is much larger than over the U.K. where Nicholls’ observations were taken.
In addition, most of the observed clouds were decoupled from the subcloud layer,
hence there was no moisture supply from the surface. It can be clearly seen that
near z/h = 0 (which is the sea surface in LES and the base of the mixed layer in
Nicholls’ data), the LES moisture flux is positive, while Nicholls’ flux is nearly
Zero.

Figure 6 shows the scaled velocity variances and turbulent kinetic energy (TKE).
The total TKE is nearly uniform in height. The vertical velocity variance increases
with height from the surface and reaches a maximum at about z = 0.8z,. The LES
results agree with observational data in the upper part of the mixed layer, but are
slightly larger in the lower part of the mixed layer. The latter is consistent with
the existence of a slightly stable layer (which acts to decrease the kinetic energy)
near the cloud base in the observations.

The normalized variances of temperature and total moisture are given in Figure
7. Throughout most of the mixed layer, the LES temperature and moisture vari-
ances are smaller than observations due perhaps to the unresolved-scale motions
in the LES which include eddies larger than the numerical domain and eddies
smaller than 25 m (twice the size of the grid mesh). The coherent downdrafts that
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Fig. 7. Comparison of (a) temperature variance, and (b) moisture variance between the LES (solid
lines) and the measured data (dots).

we shall analyze next are dominated by the eddies of the size of the mixed-
layer depth, and hopefully their properties are not affected much by the above-
mentioned unresolved eddies.

3.2. CONDITIONAL SAMPLING TECHNIQUE

Coherent downdrafts are the most important feature for carrying turbulent fluxes
in the stratus-topped PBL (Caughey er al., 1982; Nicholls, 1989). Here, we apply
a conditional sampling technique, similar to the one used by Nicholls for the
aircraft data, to the simulated flow field. Since conditional sampling results are
sensitive to the selection criteria for events (Lenschow and Stephens, 1980; Khalsa
and Greenhut, 1985; Young, 1988a, b; Nicholls, 1989; Schumann and Moeng,
1991a, b), it is necessary to use a sampling technique similar to that used by
Nicholls (1989) when we apply it to the LES field.

The criteria we set for a downdraft event are that w’ must be less than a given
threshold wy,..s and must have a positive correlation with the vertical velocity at
the mid-PBL to guarantee some degree of vertical coherence. The latter criterion
was not used by Nicholls (1989); however, Nicholls mentioned that some degree
of vertical coherence was ensured in his analysis. In our selection, we make the
choice Wyres = —0.5w,. We first identified all downdrafts along the x direction at
all y points on each horizontal plane. We then picked up the downdrafts at grid
points where W’ < Wy and w'wies >0 (where w/es is w' at the mid-PBL). The
nearest zero crossing points on either side define the extent of the event and its
intersected width, d. Furthermore, we selected only downdrafts that have widths
larger than z,/20, as used by Nicholls.

Following Nicholls (1989), we also composited the events by interpolating the
conditional sampled events (which have different horizontal sizes) to a certain
normalized grid size as shown in Figure 8, in which the ten points (i.c., *i=1to
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Fig. 8. A sketch that shows a typical conditionally sampled event interpolated to a certain normalized
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5 in the abscissa) are within each event and another five points (i.e., =i =6 to
10) were added to each side of the event boundaries to represent the immediate
surroundings. If the ‘tails’ section extended into a region occupied by another
selected event, we discarded that tail section as did Nicholls (1989).

If there are n events being selected on each LES horizontal plane and over the
seven recorded time intervals, then the event average f'(z, i) is

Fr@,)=2f"(zi)n, 4
the mean intersected event width, d, is

d=2dn, (5)

the mean number of events per unit length % in the x direction for all y, N, is
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and the fractional area occupied by events, a, is
a=Nd R @)

where M, and M, are the total grid points along the x and y directions, respectively,
and Ax is the grid spacing along the x direction.

The mean value of one event (f’), excluding the two points adjacent to the
boundaries as used by Nicholl’s (1989), is defined as:

(f@y= 2 Fis. ®)

Figure 8 is a schematic diagram showing a downdraft event and the mean value
associated with it. Readers are referred to Nicholls (1989) for a more detailed
description.

3.3. EVENT MEANS

Figure 9 shows the mean width of all events normalized by the mixed-layer depth,
d/h, the mean number of events, Nk, and the mean fractional area occupied by
all selected events, a, from the LES and Nicholls (1989). The mean width of the
LES downdrafts is about 0.34, while the observed is about 0.24. The mean width
of downdrafts is rather constant in height below 0.94 in both LES and observations.
Above 0.9%, the LES width decreases sharply to nearly zero at the cloud-top. We
note that the definition of the mean cloud top may be quite different between the
LES and aircraft data analyses. In the LES, we define the mean cloud top z; (or
k) by horizontally averaging the cloud tops. It is not clear how Nicholls defined
his cloud-top level from the aircraft data. The mean number of events is also
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top.

rather constant between 0.24 and 0.9k, and rapidly increases above 0.9, where
entrainment and the mixing of cloud and inversion air are active. The number of
downdrafts decreases sharply near the surface. The fractional area steadily in-
creases upward from the surface to about 0.9/ and decreases sharply to zero above
it. Overall, the LES results show general similarity with the observed results.
Figure 10 shows the horizontal distributions of vertical velocity, temperature,
total water, and liquid water averaged over all selected events from the LES data.
The three different curves in Figure 10 represent these distributions at three
different heights: 37.5 m (solid line), 187.5 m (dashed line) and 375 m (dotted line)
below the averaged cloud-top height, respectively; these levels are about the same
as those selected by Nicholls (shown in Figure 11). The comparison of the solid
lines between LES and observations should reveal mainly the differences of the
near cloud-top processes (such as entrainment, cloud-top radiative and evaporative
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Fig. 11. Composite conditional sampling mean values of (a) vertical velocity, (b) temperature, (c)

total moisture mixing ratio, and (d) liquid water mixing ratio computed from the flight 511 at three

levels: * ’, 40 m below the cloud top, “~--", 180 m below the cloud top, “..... ’, 385 m below the

cloud top. The error bars indicate the typical standard deviation of the mean of data points within the
events boundaries (—5 </ <5). (This figure is taken from Nicholls, 1989.)

cooling), while that of dashed and dotted lines (which represent eévents well into
the mixed layer) may reveal differences due to other factors, e.g., internal solar
absorption, drizzle, and other decoupling processes. The vertical velocity fluctu-
ations compare well between the LES (Figure 10) and the observations (Figure
11); however, discrepancies are found in the thermal and moisture fields. The
nearly top-hat distribution within events exists in all fields in LES, but is obvious
only in the w-field in observations. Near the cloud top, the LES downdraft temper-
ature fluctuations are smaller than observed. However, at 187 and 375 m below
the cloud top, the LES downdraft temperature fluctuations become much larger
than observed; at 375 m, the observed and the LES downdraft temperature fluctu-
ations even have opposite signs; the slightly warmer-than-environment downdrafts
at 375 m below the cloud top in the observed cases are associated with the cloud-
base decoupling where the buoyancy flux becomes negative. And because of
decoupling, the moisture supply from below (mostly into updrafts) shuts off; thus
the moisture fluctuations within the observed composite downdraft are about zero
relative to their environment. Since no decoupling exists in the LES, the down-
drafts remain much drier than the updrafts (i.e., a larger magnitude of §°) through-
out most of the mixed layer. The comparison between the liquid water fields is
fair, except the near-cloud-top level where the observed liquid water is much
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larger within the downdrafts. We do not know how much of the discrepancy is
due to the uncertainty of Johnson—Williams liquid-water sensor measurements
and how much is due to the unresolved small-scale mixing process in the LES.

Figure 12 compares the vertical distributions of the means of all events, (w’),
(T'}), and {g'), in dimensionless forms. The profile of {(w')/w, from the LES is
similar to that observed but our magnitudes are slightly larger below 0.84, the
level where both LES and observations show a maximum strength of the downdraft
events. Large differences are found in (¢') and (7T',) within the whole mixed layer,
particularly in the lower half. The differences in the lower mixed layer are largely
due to the decoupling that exists in the observations but not in the LES. Decou-
pling implies the existence of a slightly stable layer (i.e., a negative buoyancy flux
layer) near the cloud base, hence the observed downdrafts are slightly warmer
than the updrafts (i.e., (T;) becomes slightly positive). In addition, decoupling
shuts off the moisture supply from below which goes mainly into updrafts, so the
observed downdrafts (relative to updrafts) have a nearly zero moisture fluctuations
near the cloud base.

3.4. EVENT VARIANCES

Event variances are measures of small-scale fluctuations within the events. The
ratio of variance within downdrafts relative to the total variance, which Nicholls
(1989) called the ‘““effectiveness ratio”, can be expressed as:

r(F) = (FAIf?, ©)

where the bracket represents the event mean and the overbar represents the
ensemble mean. This ratio measures the contribution of the selecied downdrafts
to the net variances. (However, since the fractional area occupied by the down-
drafts is less than 0.5 as shown in Figure 9, the relative contribution of downdraft



STRATUS-TOPPED BOUNDARY LAYER 45

events to the variances per unit length is actually higher than it appears in Figure
13; Nicholls (1989) discussed this effect. We shall not discuss in detail the down-
draft contributions here.) Overall, our LES underestimates the w and T fluctua-
tions within the events in the upper half of the mixed layer, which may be due to
the internal solar heating in the observed clouds and the small eddies not resolved
in the LES. In the lower half of the mixed layer, the r(T) of the LES is much
larger; this may be due to the much smaller denominator in Equation (9), i.e.,
the smaller 7'? in LES than in observations as shown in Figure 7. Both r(q) and
r(q;) from the LES are fairly consistent with the observational data.

3.5. VERTICAL VELOCITY SPECTRA

To compute the one-dimensional vertical velocity spectra along the x-direction
from LES, we first Fourier transformed the vertical velocity field in each horizontal
plane to wavenumber space, i.e., from w(x,y) to w(k,, k,), and averaged the
spectrum over k,:

Sulke) = 2 (R[W (ks fey)) X RIW (K, k)] + 1[0 C, K] X (10)

X AWk, ky)]) 5

where R[W(k,, k,)] and I[W(k,, k,)] are the real and imaginary parts of W, respec-
tively. The results, after being normalized by k,/(w%#2”>) and averaged over the
seven recorded datasets, are shown in Figure 14, where ¢, = ez,/w?, is the dimen-
sionless dissipation rate. The vertical velocity spectra at 0.1%, 0.5k, and 0.954 are
compared with Nicholls’ spectra shown in Figure 15. The scaling that we used to
normalize the vertical velocity spectra is similar to that used in Kaimal et al. (1976)
and in Nicholls and Readings (1981), but different from that used in Nicholls
(1989). The scaling method used by Nicholls (1989) is not clear to us, so we shall
not compare the absolute values of these spectra. Rather, we shall compare only
the distributions. The shape of our vertical velocity spectra is basically similar to
that reported in Nicholls (1989). Our spectral peaks become broader with height.

In Figure 16, we plotted the vertical distributions of the peaks of the normalized
spectra as A/A,, vs. height, where A,, is the wavelength of the spectrum peak. The
bars covering the broad range of the peak spectrum found in the LES are drawn
by visual inspection on the spectra shown in Figure 14. The LES and observation
results compare well except in the lower part of the mixed layer where the LES
spectra seem to peak at a higher wavenumber. (In the LES, the spectral peaks
are located in a higher wavenumber region below z = 0.5z, than those between
0.5z; and 0.8z;.) This difference is likely due to the lower boundary of the analysis
data. The lower boundary of our mixed layer is a rigid surface that tends to
produce smaller scale eddies, while z/A# = 0 in Nicholls’ cases is away from the
rigid surface except in Flight 624; unfortunately, Nicholls showed no spectral data
in this region for Flight 624. Our results seem to be consistent with those reported



46 SHAOHUA SHEN AND CHIN-HOH MOENG

z/h

2.5
(o) |
z/h
2.5
© |
zh
2.5
@ |
z/h
L ] [ ]
02k e -
o ! ] 1 |
0 0.5 1.0 15 2.0 25
r (QQ)

Fig. 13. Comparison of (a) r(w), (b) (T), (c) r(q), (d) r(q;) computed from the LES (solid lines)
with the measured data (dots).
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LES.
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Fig. 15. Same as Figure 14, but from the observations. Note z'/A =1 — z/h. (This figure is taken
from Nicholls, 1989.)

by Nucciarone and Young (1991). They analyzed the turbulence spectra in a
marine stratocumulus-topped boundary layer using the FIRE data, and found that
the spectral peak between 0.1z; and 0.4z; occurs at a scale smaller than that
between 0.4z; and 0.9z;.

3.6. TURBULENT KINETIC ENERGY BUDGETS

Nicholls (1989) compared the turbulent kinetic energy budgets of his aircraft data
with those obtained from an early stratus LES reported in Moeng (1986). The
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Fig. 16. Vertical distributions of the spectral peak wavelengths, #/A,, computed from the LES (solid
lines with bars) and the measured data (dots). The bars cover the broad range of the peak wavelengths
as indicated in Figure 14.

early LES had 40 X 40 X 40 grid points covering a 5 X 5 X 2 km numerical domain;
hence it had a horizontal resolution that was ten times coarser than the LES
reported here. In this paper, we compare the TKE budgets of the fine LES with
those of Nicholls, in Figure 17. We observe some similarities. Close to the cloud
top, i.e., above z/A ~ 0.9, the pressure transport is a major source. Only where
z/h ~ 0.85, does the buoyancy term become a major energy source. The positive
buoyancy term is due to the fact that most of the cloud-top radiative cooling is
incorporated into downdrafts. The turbulent transport term (7-term, i.e., the
convergence of the third moment wE, where E is the turbulent kinetic energy)
and the pressure transport term (which is denoted as P in the LES and I in
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Fig. 17. Budgets of the turbulent kinetic energy from (a) the LES and (b) the measured data (taken
from Nicholls, 1989). The mean-shear production term (not shown) from the LES is negligibly small
except very close to the surface.

Nicholls’ results) tend to cancel one another. This leads to a near balance between
the buoyancy and dissipation terms in most of the mixed layer.

However, there is a major discrepancy. The vertical distribution of T throughout
the PBL in the LES is almost opposite to that in Nicholls’ observations. Near the
cloud top, above 0.8%, the simulated 7-term is a source while the observed T is
a large sink. In the middle of the mixed layer, the simulated T becomes a sink
while the observed T becomes a source. This discrepancy was also pointed out by
Nicholls in an early comparison with Moeng’s (40)® LES.

To examine this major discrepancy, we show the vertical transport of the turbu-
lent kinetic energy from LES, wE, in Figure 18. The LES profile is totally differ-
ent from the observations of Nicholls (1989). We also show w” from our LES in
Figure 18, and find that it is responsible for almost all of the total energy transport.
Therefore, the major discrepancy between observations and our LES is mainly in
the w® field, also pointed out by Nicholls. The measurements indicated large
negative w® in the upper layer, where LES indicates positive w’.

This puzzle was studied by Moeng and Rotunno (1990); they examined the
vertical velocity skewness w?/w? ' using direct numerical simulations of medium
Reynolds number convection within two parallel plates. They found that when
the parallel plate convection is heated from below and cooled from above, the
vertical velocity skewness is positive in the upper part and negative in the lower
part. This seems contradictory to one’s intuition that the bottom heating should
generate a positive skewness in the lower layer and the top cooling should generate
a negative skewness in the upper layer. Moeng and Rotunno showed that the
surface-heating-generated updrafts that reach the top of the mixed layer are re-
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Fig. 18. Vertical profiles of (a) WE (solid line) and w? (dash line) from the LES, and (b) WE from
the measured data (taken from Nicholls, 1989) where five symbols represent the five flight cases.

sponsible for the positive w-skewness in the upper layer, and the top-cooling
generated downdrafts that reach the surface are responsible for the negative w-
skewness in the lower layer. Their study was able to explain the vertical distribution
of the w-skewness (hence of the w’) found in LES results; however it does not
solve the discrepancy between LES and observations. Nevertheless, they pointed
out that when the cloud layer is decoupled from the subcloud layer, the surface-
heating-generated updrafts cannot reach the cloud top and therefore the w-skew-
ness profile is changed.

4. Summary and Conclusions

Results have been presented of a large-eddy simulation of the nocturnal stratus-
topped boundary layer that has a much finer resolution than previously reported.
The simulation is used to assess the realism of large-eddy simulation of the stratus-
topped PBL by comparing LES results with aircraft measurements reported by
Nicholls (1989).

First we described the basic flow structure of the stratus-topped PBL by examin-
ing the instantaneous turbulent field. We showed that the convective motions
driven mainly by cloud-top radiative cooling are consistent with the observations.
Near cloud top, there are many closed cellular patterns in which updrafts occupied
the broad centers and relatively strong downdrafts occurred in a narrow region at
the cell edges. Weaker downdrafts that are relatively colder and drier and that
occupy the intersections of the cell boundaries are likely to become stronger
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downdrafts after descending for some distance below cloud top, with some of
them extending all the way to the surface, as observed from Figures 1-4.

We then studied the coherent downdrafts and their small-scale features by
using a conditional sampling method similar to that used by Nicholls (1989), and
compared the results with Nicholls’ measurements. We found that the LES results
agree with observations in the upper mixed layer but differences exist in the lower
half of the mixed layer. Most of the differences in the lower half, however, can
be explained by the decoupling that exists in observations but not in the LES.
Our results indicate that the LES of the stratus-topped boundary layer with ~10m
resolution in all three dimensions can resolve most of the observed features.

The peaks of the vertical velocity spectra from the LES become broader and
shift to higher wavenumbers with height. These results are in general agreement
with those reported by Nicholls (1989). However, in the lower part of the mixed
layer, the spectral peaks from the LES have larger wavenumbers than the measure-
ments. This discrepancy may be due to the fact that our lower mixed layer is
closer to the rigid surface, because there is no decoupling in our simulated case.

We also compared the TKE budgets and showed that a major discrepancy
between LES and observations in the TKE transport term still exists even with a
finer-resolution LES. This discrepancy is due to the different behavior in w’
between simulations and observations (Moeng and Rotunno, 1990). The physical
processes responsible for this difference remain undetermined, but may be associ-
ated with decoupling.
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