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ABSTRACT

A simple one-dimensional ensemble average PBL model, including
condensation, evaporation, and atmospheric radiation is used to study
the evolution of PBL in a cloudy atmosphere. The turbulent kinetic

“energy FE is predicted by the TKE equation. The eddy coefficient is
proportional to \/EIl ; the length scale [ is determined by Sun and
Ogura’s method. Meanwhile, the similarity equations are used in the
surface layer; the force restoring method is adopted to calculate the
surface soil temperature and moisture.

The observed fields at 0900 EST on Day 33 in the Wangara Ex-
periment are used for the first 3 hours (to 1200 EST). After that time,
the temperature and moisture are modified in order to initiate a cloud
layer and then, the model is integrated for 45 hours. The simulated
mean fields and eddy fluxes are comparable with other higher-order
model and observations. L

During the daytime, the linear decreases of w'8’, with height in the
lower convective layer are consistent with a uniform change of mean
temperature within the subcloud layer. A slightly negative heat flux
exists near the cloud base and just above the cloud top. A substantial
positive heat flux exists in the cloud layer, primarily attributed to
the latent heat release and enhanced by the strong radiative cooling.
During the night, the heat flux near the surface becomes negative. Like
the daytime results, a positive heat flux exists inside the cloud and a
negative heat flux exists just above the cloud top.

1. INTRODUCTION

Since the early study of Lilly (1968), there are more and more researchers
studying the cloud-topped planetary boundary layer (PBL). The structure of
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the cloud-topped PBL is strongly influenced by radiative cooling/warming, al-
though the vertical distribution of the radiative cooling near the cloud top is
controversial (Randall, 1980). Lilly (1968), Schubert(1976), and Kraus and
Schaller (1978) assumed that the occurrence of radiative cooling is confined to
a infinitestmally thin inversion layer which is located just above the cloud top.
On the other hand, Kahn and Businger (1979) assumed that the radiative cool-
ing occurs in the upper part, about 100 m thick, of the cloud deck. Fravalo et
al. (1981) claimed that the latter assumption is in better agreement with the
observations of Paltridge (1971, 1974), Platt (1976), and Stephens et al. (1978).

In this study, the turbulence model of Sun and Chang {(1986) is modified by
incorporating a parameterization scheme for radiation. Also, the force restoring
method is adopted to calculate the surface soil temperature and moisture. It
can be used to simulate the diurnal variation of the PBL in both cloud-free and
cloudy atmospheres. The Wangara data on Day 33-35 (Clarke et al., 1971) are
used to verify the model for the cloud-free atmosphere (Wu and Sun, 1990).
In this paper, the model is used to test the diurnal variation of the cloud-
topped PBL. The results are comparable to those produced by the higher-order
turbulence schemes and observations. Because of its simplicity, this model
has been applied in a two-dimensional mesoscale model to study the diurnal
variation of the dryline in the Great Plains of the U.S. (Wu and Sun, 1987).

2. THE MODEIL

The major prognostic variables in this one-dimensional ensemble average
PBL model are equivalent potential temperature (8,), total water content (lig-
uid plus vapor) (¢,, = g+ ¢;), and two horizontal wind components (¥ and 7).
For shallow convection without precipitation, 8, is a semi-conservative quantity.
A prognostic equation is used to predict the turbulent kinetic energy (E). The
eddy fluxes are calculated by the eddy-coefficient method (Deardorff, 1980).
The mixing-length scale ! is determined by Sun and Ogura’s method (1980).

Following Chen and Cotton (1983) for the cloud-free conditions, Rodgers’
(1967) parameterization for long-wave radiation, Yamamoto’s (1962) param-
eterization for the absorption of short-wave radiation, and Stephens’ method
(Chen and Cotten, 1983) for Rayleigh scattering are all utilized in this study.
For a cloudy atmosphere, Stephens’ (1978) parameterization for long- and short-
wave radiation are used.

The surface soil temperature and moisture are determined by the force
restoring method (Bhumralkar, 1975; Blackadar, 1976; Deardorff 1978). De-
tailed descriptions of the model can be found in Wu and Sun (1990).

3. BOUNDARY AND INITIAL CONDITIONS
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a. Boundary conditions

The surface wind velocities are assumed to be zero; the temperature and
specific humidity at the surface are predicted by the force restoring method. The
sensible heat and moisture fluxes at the surface are estimated by the similarity
equations proposed by Businger et al. (1971).

At the upper boundary, all the turbulence variables and wind shears are set
to zero; the moisture varies only due to vertical advection, and the temperature
varies only due to vertical advection and radiative cooling or warming. The
vertical gradients of moisture and temperature at the upper boundary are fixed
at their initial values.

b. Initial conditions

Because the observed vertical velocity in the Wangara Experiment is inap-
propriate for use in the cloudy case, an idealized profile of vertical velocity,

w = —0.002tanh(4.2857 x 107%2),

is applied (Fig. 1). This profile is similar to that used in Bougeault (1981), but
the maximum value of the downward motion is reduced from 0.8 crn s (in
Bougeault) to 0.2 em s~1 so that the cloud can grow easily.
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Fig. 1. Profile of the vertical velocity.
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The initial values of ground surface moisture (w,) and average soil moisture
(w,) are set to 0.15 and 0.20, respectively, and average surface temperature 15
is set to 279.6 K. The horizontal wind, temperature, and moisture observed
at 0900 EST, Day 33 of the Wangara Experiment (Clarke et al, 1971) are used
as initial fields for the first 3 hours (to 1200 EST) of the run. Then, in order
to initiate a cloud layer the temperature is decreased by 3 K within the mixed
layer, while increased by 0.75 K above that region. This creates a sharp inver-
sion across the top of the boundary layer. In addition, each layer has its specific
humidity increased by 10 % of the saturated specific humidity . After artifi-
cial adjustment, the clouds appear and develop continuously. The structures
of computed virtual potential temperature, equivalent potential temperature,
total water content, and liquid water content, as well as their turbulent fluxes
w8, wql and w'q; will be discussed in the next section.

4. RESULTS AND DISCUSSIONS

After 1200 EST, DAY 33, the model is integrated for 45 hours (total 48
hours). For convenience, we still use the names Day 33, 34, and 35, but the
environments are quite different from those in the Wangara Experiment.

a. Temperature and heat fluz

The computed profiles of 8, and 8, at 1500 EST and 0300 EST on Day 34-35
are presented in Fig. 2. These structures are as expected. During the daytime,
a shallow superadiabatic layer exists near the ground surface; where as during
the night, this superadiabatic layer is replaced by a nocturnal surface inversion.
A well-mixed subcloud layer, characterized by neutrally to slightly unstable
stratification, is located above the shallow superadiabatic or surface inversion
layer. Within the cloud layer, the lapse rate is essentially moist adiabatic.
Therefore, the virtual potential temperature increases with height within the
cloud layer, but the equivalent potential temperature remains constant. The
cloud layer is topped by a strong inversion.

In the subcloud layer, the virtual potential temperatures are, respectively,
about 279.2, 278.6 and 278.0 K at 0000, 0300, and 0600 EST on Day 34.
Therefore, the cooling rate in the subcloud layer during the night on Day 34 is
about 0.2 K hr!; it is slightly smaller (about 0.16 K hr~!) on Day 35.

The heat fluxes at 1500 EST on Day 34 and 0300 EST on Day 35 are pre-
sented in Fig. 3. During the daytime (1500 EST), the transport of heat from
the surface is achieved mainly by the turbulent eddies. The linear decreases
of w'@! with height in the lower convective layer are consistent with a uni-
form increase of mean temperature within the subcloud layer in daytime, which



June 1990 CHING-CHI WU AND WEN-YIH SUN 161

THY THE
2000

1800 |-

1600 -

-

1400 +

1200 -

HEIGHT (M1

15 1

=
[
1
]
i
i
]
)
1
]
H
1
1]
i
.
i
]
1
i
1
[
¥
]
1
b
H
1
]
x

i
!

LI. r ] L | P 1 3 reeemooy N

1]
Fi] 278 Fat) 280 282 28% 286 280 280 202
THE THY (K}

Fig. 2. Profiles of the computed equivalent (solid line) and virtual potential
temperature (dashed line) at 1560 EST, Day 34 and 0300 EST, Day 35.
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Fig. 3. Profiles of the computed vertical virtual potential temperature flux
(w'@,) at 1500 EST, Day 34 and 0300 EST, Day 35.

is similar to the case in cloud-free atmosphere. As in Sommeria (1976) and
Bougeault (1985), there is a slightly negative heat flux near the cloud base due
to entrainment. Above this layer, a substantial positive heat flux exists in the
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cloud layer. This is primarily attributed to the release of the latent heat and
is enhanced by the strong radiative cooling at the cloud top (Fig. 4). Convec-
tion triggered by the the radiative cooling at the cloud top is similar to that
produced by the insolation heating at the ground. Thus, the turbulence in
the mixed layer can be maintained sufficiently by either one or both of these
mechanisms (Deardorff, 1980). The heat flux inside the mixed layer is actually.
strongly linked to the activity of the cloud (Sommeria, 1976). As the results in
Sommeria (1976), Deardorft (1980), Chen and Cotton (1983), and Bougeault
(1985), a negative buoyancy flux exists just above the cloud top because of
entrainment and diabatic cooling,.

During the night (0300 EST), the heat flux near the surface becomes neg-
ative. Also, like the daytime, a positive heat flux exists inside the cloud and
a negative heat flux exists just above the cloud top. Caughey et al. (1982)
deduced from the field study of nocturnal stratocumulus that large positive
heat fluxes can be found near the cloud top . The maximum values of the heat
flux inside the cloud during the night are larger than those during the daytime,
because more water content condenses( see Fig. 4) due to a lower tempera-
ture inside the convective boundary layer (CBL), as well as a stronger radiative
cooling rate at the cloud top. The long-wave radiative cooling is partially com-
pensated for by the short-wave warming during the daytime.

The heat fluxes above the cloud top are —0.012 K m s~ at 1500 EST on
Day 34, and —0.024 K m s~ ! at 0300 EST on Day 35 (Fig. 3). The magnitudes
are smaller than the result (about —0.03 K m s™!) of case 6 in Deardorff (1980).
The observed heat fluxes at the inversion of the marine stratocumulus in Brost
et al. (1982) are about —0.012, —0.008, and —0.065 K m s~! in different cases,
respectively.

b. Moisture and moisture fluz

The total specific humidity (solid line) and specific liquid water content
(dashed line) at 1500 EST, Day 34 and 0300 EST, Day 35 are shown in Fig.
4. As expected, the liquid water content increases with height inside the cloud
because of a lower temperature near the cloud top. In the mixed layer, the 7,
decreases very slightly with height, as for the cloud-free case. During the day-
time, the turbulence within the cloud layer is primarily maintained by the latent
heat release, but in the subcloud layer is mainly maintained by the surface heat
flux. The cloud base is the interface of these two mechanisms. Like observations
of nocturnal stratocumulus in Roach ef al. (1982) and Bougeault(1985) (Figs.
5 and 6), the profile of g, at 0300 EST on Day 35 shows g,, slightly decreases
with height from ground to cloud top; the slope of 7,, is steepest in the stable
surface layer. In Fig. 6 (Roach et al., 1982), if the liquid water content is added



June 1990

CHING-GHI WU AND WEN-YIH SUN

a

s ad et sl P ndas vt
[¢]

0005 .0O0I0 0005 0020 .DOZS .0030 .0035 .00U90 .0045 ,DOSD
OH QL [XG/KGH

) F 2. 4. Profiles of the computed total specific humidity (solid line) and specific
liquid water content (dashed line) at 1500 EST, Day 34 and 0300 EST, Day 35.

1500 +
b
t
1
:
1000 } b
aw :
500 \|
!
:
i ) I | 1 Ll r.t [} L i L 1 'l i 1 A L 1 [l
2345678910 285 290
9/ kg K

Fig. 5. Computed (solid line) and observed total specific humidity (dashed
line), G,,, in Bougeault (1985).

to the vapor mixing, the steepening in the upper part of the cloud disappears.

Profiles of the fluxes of specific humidity (w'q’,, solid line) and liquid water
content (w'q}, dashed line) at 1500 EST and 0300 EST on Day 33-34 and 34-35
are shown in Figs. 7 and 8, respectively. Within the subcloud layer (Fig. 7), the

163



164 TAO Vol.1, No.2

f:
900 P
:'E —
< 950 f
s *
7 kY
IS 0 op
)
1000 |- %
1
a%
o
Surface 'L
4 é

Humidity mixing rotio {g/kg)

Fig. 6. Observed humidity mixing ratio of the nocturnal stratocumulus in
Roach et al. (1982).
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Fig. 7. Profiles of the turbulent fluxes of total specific humidity (solid line)
and liquid water content {dashed line) at 1500 EST, Day 33 and 0300 EST, Day
34.

w'ql, increases with height, which is similiar to those in cloud-free atmosphere.
Above the cloud, the w'g], can be negligible. During the daytime (1500 EST) the
M'is stronger than that during the night (0300 EST) because of convection.
The moisture was carried upward to the cloud top. Hence, the value of g,, would
become uniform in the whole convective layer as time went on. The kinks in
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Fig. 9. Observed proflles of vertical turbulent fluxes of water and potential
temperature in the marine stratocumulus (from Brost et al. 1982).

the curve of w'q!, near the cloud base (Fig. 7) are only transitional phenomena.
Unlike in Fig. 7, the maximum w'g}, at 1500 EST on Day 34 and 0300 EST on
Day 35 (Fig. 8) does not occur just below the cloud top. A similar shape is also
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found in Chen and Cotton (1983), Bougeault (1981, 1985), and the observation
of Case 13-2 in Brost et al (1982) (see Fig. 9).

As in Experiment 2 of Chen and Cotton (1983), there are negative value
of W in our simulated results. The w'qj] is obtained by the difference of two
terms which are larger than w'q). - As indicated by Chen and Cotton (1983),
positive '8! tends to produce negative ’L_U—’?; The structure of 8, is slightly
unstable below the inversion because of the use of eddy-coefficients. A slightly
large w'd’, within the cloud layer will result in negative w'g!.

¢. Radiative cooling rate

Fig. 10 shows the vertical profiles of the long- and short-wave radiative
warming or cooling rates at 1500 EST on Day 34 and 0300 EST on Day 35. At
1500 EST, the value of the cosine of the solar zenith angle is 0.48. It is noted
that the short-wave warming occurs mainly in the upper 100 m (1 grid point) of
the cloud. This is consistent with the penetrative distance in Stephens (1978).
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Fig. 10. The vertical profiles of long- and short-wave radiative cooling rate
(K hr~') at 1500 EST, Day 34 and 0300 EST Day 35.

There is a strong long-wave radiative cooling rate near the cloud top and a
relatively small long-wave radiative warming rate near the cloud base. The
long-wave radiative cooling rate near the cloud top at 1500 EST and 0300 EST
are 4.4 K hr~! and 4.3 K hr™!, respectively, which are close to the results in
Chen and Cotton (1983) (about 100 K day~* or 4.2 K hr~!). The short-wave
radiative warming rate near the cloud top at 1500 EST is 1.8 K hr—!, which



June 1890 CHING-CHI WU AND WEN-YIH SUN - 167

is also close to the results in Chen and Cotton (1983) (about 35 K day™?,
or 1.5 K hr™!) . During the daytime (1500 EST), the long-wave radiative
cooling is partially compensated for by the short-wave radiative warming. The
observational cooling rate is about —5 K hr™! to —10 K hr~! within 50 m
of the cloud top (Roach et al., 1982), which indicates that a better resolution
may be required in the future in order to obtain a stronger cooling rate near
the cloud top.

d. Turbulent kinetic energy budget

The computed contributions of TKE at 1200 EST, Day 34 (Fig. 11) are
similar in shape to those in Deardorff (1980) (Fig. 12) and Bougeault (1985).
In the lower part of the subcloud layer, the dissipation rate (D) and the buoy-
ancy production (B) are the dominant terms. In the cloud layer, the buoyancy
production is balanced by the dissipation and the transport term (T). The
transport term also plays an important role just above the cloud top and at the
cloud base, where the turbulence is maintained by the transport term against
the dissipation and the negative buoyancy production. Brost et al. (1982) indi-
cated that, in the observation of marine stratocumulus, the dissipation usually
decreased with height through out most of the boundary layer, but sometimes
had a peak in the inversion. This peak is found in Figs. 11 and 12, and
Bougeault {1985). Deardorff (1980) 'pointed out that a slightly negative value
of T occurs above the capping inversion, resulting in a large residual imbalance,
which is probably due to truncation errors. Because the cloud in this study is
higher than that in Deardorff, the heights of peak of D, T and B are higher in
Fig. 11 (1.4 km) than those in Fig. 12 (1.1 km).

e. Variation of cloud

Fig. 13 presents the hourly variations of specific liquid water content. After
adjusting temperature and moisture at 1200 EST on Day 33, the cloud appear
and grow rapidly until 1800 EST, because the depth of the mixed layer grows
drastically. The cloud grows higher continually, but slowly, due to radiative
cooling at the cloud top. On the other hand, the height of the cloud base in-
creases with time during the daytime, but decreases with time at night. Because
of the surface heat flux, during the daytime the planetary boundary layer de-
velops continuously. Consequently, the height of the cloud base increases with
the increase of temperature in the mixed layer. The highest cloud base occurs
at 1700 EST on both Day 33 and 34.

After sunset, the surface heat flux ceases or becomes negative. Also, the
long-wave radiative cooling is not compensated for by the short-wave radia-
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tive warming. The stronger radiative cooling produces more liquid water con-
tent and a latent heat release, which enhances the turbulence inside the cloud.
Therefore, the cloud grows both upward and downward. It is also found that
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the cloud top develops very fast without a large-scale subsidence. As suggested
by Roach et al. (1982), a strong subsidence (2 ~ 4 em s~ 1) is usually required
to maintain a constant cloud top during the night. In this study, the subsidence
is very small (~ 0.2 em s71); however, it is very likely that the cloud top grows.

In order to test the effects of the imposed mixing length scale, the value of
1.316 in the length scale equation, I, = 1.316?1/2{@/90 )(—'w'—ﬁ?;,/Kh)}"1/2 (Wu
and Sun, 1990, Eq.(10)), is replaced by 0.76. Both the cloud-free and cloudy
cases are simulated again. Except for the g; field in the cloudy case (see Fig.
14 ), the results are not substantially different from those obtained previously.
Unlike in Fig. 13, during the night, the height of the cloud top remains constant
because of the decrease of the mixing and entrainment there. As the turbulent
mixing increases, so does the height of the cloud top, because more liquid water
can be transported to the cloud top or even beyond.
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f. Surface temperature

The computed hourly variations of surface soil temperature (7,;) and the
temperature (T1.2) at the screen height are shown in Fig. 15. The observed
temperature (Top,) at the screen height in the Wangara Experiment (cloud free)
is also shown . The kinks of T, and T 5 at 1300 EST on DAY 33 are caused
by adjusting the temperature and moisture at 1200 EST. As for the cloud-free
case (Wu and Sun, 1990), T, and 7} 3 decrease rapidly after sunset and increase
again after sunrise of the next day. Due to the coverage of cloud, short-wave
radiative flux is partially shut off. Therefore, the amplitudes of T, and T} 5 are
smaller than those in the cloud free case. Also, the amplitudes of T; and T ,
on the second day are smaller than those in the first day because of thicker

cloud.
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Fig. 15. Hourly variations of the temperatures: dashed-dotted line, predicted
ground surface soil temperature (I} ); solid line, predicted temperature (7} 2), at

screen height (1.2 m); dashed line, observed temperature (I,p), at screen height
in the Wangara Experiment.

5. SUMMARY

A simple one-dimensional ensemble average PBL model is applied to study
the evolution of PBL for the cloudy situation. The prognostic variables are
equivalent potential temperature, specific humidity, two horizontal wind com-
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ponents, and turbulent kinetic energy. The eddy-coefficient relations are em-
ployed to calculate the eddy fluxes. The ground surface soil temperature and
moisture are predicted by a force restoring method. Also, the methods in Chen
and Cotton (1983) are adopted to parameterize the atmospheric radiation.

The observed data at 0900 EST on Day 33 in the Wangara Experiment are
used to run for the first 3 hours (to 1200 EST). After that time, the moisture
and temperature are modified in order to initiate a cloud layer. Then, the
model is integrated for 45 hours. The simulated mean fields and eddy fluxes
are comparable with other higher-order model and observations.

During the daytime, the linear decreases of w'8! with height in the lower con-
vective layer are consistent with a uniform change of mean temperature within
the subcloud layer. A slightly negative heat flux exists near the cloud base,
which occurs in Sommeria (1976) and Bougeault (1985). Primarily, attributed
to the latent heat release and enhanced by the strong radiative cooling, a sub-
stantial positive heat flux exists in the cloud layer. A negative buoyancy flux
exists just above the cloud top because of entrainment and diabatic cooling, as
in results of Sommeria (1976), Deardorff (1980), Chen and Cotton (1983), and
Bougeault (1985).

During the night (0300 EST), the heat flux near the surface becomes nega-
tive. Also, like the daytime results, a positive heat flux exists inside the cloud
and a negative heat flux exists just above the cloud top.
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