Clouds can form at the top of mixed layers, and at the bottom of stable boundary
layers. The amount and distribution of short and long-wave radiative flux divergence in
the boundary layer are altered by clouds, and these effects are emerging as important
aspects of the climate-change problem. In addition, the radiative effects combine with
latent heating to modulate BL dynamics, turbulence generation, and evolution. This
chapter provides a brief review of cloud thermodynamics, radiative processes, the role of
entrainment, and descriptions of fogs, cumulus and stratocumulus clouds.

13.1 Thermodynamics

13.1.1 Variables

Table 13-1 lists many of the thermodynamic variables that have been used in the
literature to describe the state of the cloudy boundary layer. The static energies (s, s,,
Ses SL» Ses) @r¢ similar to the respective potential temperatures (8, 8,, 8., 6, 6.,).
However, static energics arc based on the assumption that any kinetic energy is locally
dissipated into heat, while the potential temperatures do not utilize that assumption.

Static energies have units of m?/s?, or equivalently J/kg. Typical magnitudes for static
energies in the boundary layer are 3 x 10° J/kg. By expressing static energies in units of
kJ/kg, the resulting values are on the order of 300 kJ/kg. This helps to reinforce its
analogy with potential temperature, which is typically on the order of 300 K.

545
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Table 13-1. Thermodynamic variables useful for cloud studies. Many of the expressions are
approximate.

Water Variables:
Mixing ratio {for water vapor)
r r = rgay when the air is saturated
Saturated mixing ratio {for water vapor)

rsat

Liquid water mixing ratio
I,

Total water mixing ratio

IT= 1'+1'L

calculated basedon Tand P

Temperature Variables:
Absolute temperature
T

Virtual femperature
T,=T-(1+061r - rL)

Potentlal Temperature Variables:
Potential temperature

p 0.286
=T [—“] = T+ 22
CP

Virtual potential temperature

6, = 8-(1+061r-1)
Equivalent potential temperature
L, 8 for unsaturated air, T is the parcel's
8. = 6 + GT T temperature at the LCL

Liguid water potential temperature

L,6
BL = 8 - CPT -I"L

Saturation equivalent potential temperature

L,© - use calculated value of g,
6, = 6+ CP T Tea based on Tand P
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Static Energies:

Dry static energy (also known as the Montgomery stream fu nction)
s = GT + gz

Virtual dry static energy
sy, = GT, +gz

Moist static energy
se = GT+gz+ Lir

Liquid water static energy
sy = GT+gz-Lyn

Saturation static energy
Ses = G T + 8z + Lyt use rgat calculated from T and P

Saturation Points:
Saturation point pressure
Psp
Saturation point temperature

T
SP

e )

Some of the characteristics of these variables are:

S, =8 for unsaturated air

8§ = Sg for saturated air

Ses is conserved during moist adiabatic ascent/descent (no mixing)

s is conserved during dry adiabatic ascent/descent (no mixing)

s and s, are conserved for both dry and moist adiabatic ascent/descent
dsfoz determines dry static stability (stable if gradient is positive)
Js./0z determines moist static stability (stable if gradient is positive)
It is conserved for both dry and moist ascent/descent (no mixing

and no precipitation).
Air is conditionally unstable if 3s/dz >0 and 9s./dz < 0. Similar characteristics
apply to the corresponding potential temperatures.

For air at a pressure level P, the safuration level is found by dry (moist) adiabatic
ascent (descent) of an unsaturated air parcel (a saturated cloud parcel) to the pressure level,
Pgp, where the parcel is just saturated with no cloud liquid water (Betts, 1982a&b, 1985).
This level is also known as the lifting condensation level (LCL) for rising
unsaturated air parcels, and often defines cloud base. The temperature of an air parcel
when moved to this level is symbolized as Tgp. On a thermodynamic diagram, the point
represented by (Pgp, Tgp) is called the saturation point (SP).
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13.1.2 Conserved Variables

Variables such as potential temperature and water-vapor mixing ratio are not
conserved in a cloud, because of latent heat release/absorption and condensation/
evaporation. We would rather use variables that are conserved under adiabatic processes
regardless of the state of saturation of the air parcel, because then we can use those
variables to study how diabatic processes and external forcings affect the evolution of the
cloudy boundary layer,

The following variables are conserved for both dry and moist adiabatic processes
with no precipitation, and change in proportion to the relative amounts of air undergoing

isobaric mixing: equivalent potential temperature, 0.
liquid-water potential temperature, 6L
moist static energy, Se
liquid water static energy, SL
total water mixing ratio, 7
saturation point pressure, Pep
saturation point temperature, Tsp.

Any two of these conserved variables, together with the actual pressure or height of
the air parcel, can be use to completely define the thermodynamic state and water
content of the air (Betts and Albrecht, 1987). The most popular sets are (P, 0., r), (P,
B, 1), (P, s., 1), (P, sy, 1), or (P, Psp. Tsp). Frequently, z is used in place of P in
the above sets. Using any one set, we could calculate all of the variables listed in Table
13-1 (see Example 13.1.6).

By plotting one conserved variable against the other, we can create a conserved
variable diagram that is useful for diagnostic studies of cloud and boundary layer
processes (Hanson, 1984; Betts, 1985: Betts and Albrecht, 1987). Fig 13.1 shows a

f z , =

Fig. 13.1
Conserved quantity 5FE 1
thermedynamic diagram

(e - rT)showing how rr
precipitation, radiation, (g / kg)
and mixing affects the
thermodynamic state of 10k
the air parcels labeled A
through G. {After Betts,
1987).

Mixing
Line

Precipitation

15 ! I I
320 330 340 350
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8, - rr diagram, along with some of the processes that can be represented. Precipitation

leaving the parcel reduces rr, but not 8.. Radiative cooling affects 8., but not ry.
Mixing between two different air parcels results in a mixture parcel that falls on the
mixing line, a straight line connecting the thermodynamic states of the two original
parcels. The portion of each original parcel in the final mixture is represented by the
relative position along the mixing line.

Fig 13.2 shows a 8, - ry diagram for data from the CCOPE experiment in Montana. It
is clear that a deep layer between about 85 kPa (850 mb) and almost 60 kPa (600 mb) is
undergoing mixing, because the data falls along a mixing line. This mixing includes both
the subcloud boundary layer and the vigorous cumulus convection above. At cloud top
levels (60 to 30 kPa) radiative cooling dominates.

S ——————————

Fig. 13.2 ;
Conserved Gy 50 kPa  Radiative Cooling
pararneter
diagram for two
soundings on 8
August 1881,
during CCOPE,
showing lower
froposphere
mixing line
structure. The 85,
70, 60, and 50 kPa 8r .
p-level altitudes
are also indicated.
{After Betts, job——
1885).

13.1.3 Conservation Equations for Turbulent Flow

Conservation of total water (3.4.4b) has already been discussed in Chapter 3. It is
rewritten here in terms of a total water mixing ratio, and molecular diffusion is neglected:

1

auj Iy

ot Jaxj B p.. ox,

ar ]

(13.1.3a)

where St is a body source term that is negative for net precipitation leaving the air parcel,
and is positive for net precipitation falling into the parcel. Change of water phase within
the parcel does not alter the total water conservation.

Conservation of heat is rewritten in terms of s, although s, or the corresponding
potential temperatures can be used instead:
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™ __oF
b O 5 B TS Wi I L (13.1.3b)

at i axj pPC, axj axj

where molecular conduction has been neglected. The evaporation term in (3.4.5b) does
not appear because phase change is already incorporated into the definition of the liquid
water static energy.

The fluxes at the top of a ML are found using the entrainment parameterizations:

WIp', = -w, AT (13.1.3¢)

= -w, AT ©(13.1.3d)

where Agy( ) is the usual jump across the top of the ML. Rogers, et al. (1985a) suggest
the following parameterization for fluxes at the surface (in this case, over an ocean);

Wiy = Co M1 (T)-1;] (13.1.3¢)
wiss = CyMIs, - 5] (13.1.39)

The buoyancy flux is needed to calculate TKE production, entrainment production vs.
consumption, or to find scaling variables such as w,. Moeng and Randall (1984) suggest
that:

WSy = o w's; "4 o, w'ry' (13.1.3g)
where & = 1 and a, = 0 for unsaturated air. For cloudy air:

or,
. = (1,3[1 + I.61T—33‘-t—j]

1 oT
arsal
@, = as[Lv-[l + 0.61'1‘—3,1,—”
-1
Ly o, Oy,
o, = [1+ & 5t + 161 T =

Buoyancy variables such as s, can be computed (using iteration) from the variables
listed in Table 13-1 (see Example 13.1.6).



CLOUDS 551

13.1.4 Saturation Point and the Lifting Condensation Level

To use many of the variables in Table 13-1 for a saturated air parcel, we must be able
to determine the saturation mixing ratio. Empirical fits to the saturation curve have been
reviewed by Buck (1981), Bolton (1980), Lowe (1977), Wexler (1976), and Stackpole
(1967). Bolton suggests that a variation of Tetens' formula (1930) is sufficiently
accurate to determine the saturation (with respect to liquid) water-vapor pressure (in units
of kPa) for typical BL temperatures:

17.2694-(T - 273.16) ]

€t = (0610?8 kPa)'EXJZ T - 35.86 (13.1.43)

for absolute temperature in (K).
The saturation mixing ratio is then found from:

I o= 0.622 — (13.1.4b)

sat P- €.t

for pressure P in the same units as €g,,. Sometimes the variation of saturation mixing ratio
with temperature is needed. The Clausius-Clapeyron equation can be written as:

dr,,, L,r
2 = 0.622 =& .14
0 RT (13.1.4¢)

TdT

The saturation point (SP) temperature and pressure are found from the following
approximation:

- _ 2840
T = Ty = > + 55 (13.1.4d)
3.51In(T) - 1 m) - 7.108

and

35
P, =P, =P Tsp 3.1.4
¢ = P = P{p (13.1.4¢)

for P in kPa and T in K (Bolton, 1980; Wilde, et al., 1985). The lifting condensation
level is the saturation level for an unsaturated parcel lifted dry adiabatically. As was
shown in Chapter 11, many convective thermals have undiluted cores, allowing the actual
cloud base to be very close to the LCL calculated from surface-layer air.

13.1.5 Convection and Cloud Available Potential Energies

Not all clouds are positively buoyant. The buoyancy of a rising air parcel can be
written as: g-(A0,/0,), or approximately as g-(As,/s,), where A8, =0

v cloud ~ 9‘, environ.
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and As, = S, goud = Sy environ- Fig 13.3 shows four key levels of a convective cloud:
* cloud base (near the LCL)
+ level of free convection (LFC)
« limit of convection (LOC)

« cloud top
= A C— R—— M—— e — T —— e et re—— —ﬁ
*t
7z +..Cloudtop . A SO
T :
Fig. 13.3 Zloct - bimtot o d
Four key levels in an HOCT " Convection PR |
active cloud are Envirenment -
i relatedto

condensation and
buoyancy. The
convective available
potential energy

il (CAPE) is proportional
to the shaded area.

{ S, or 8,

Although condensation starts to occur in the parcel at cloud base, this condensation
often forms in the negatively buoyant overshoot of a ML thermal into its capping
inversion. Latent heat is released as the parcel rises. If the parcel has sufficient inertia to
overshoot high enough, its potential temperature might rise to the point where it is again
warmer than the environment. This point, where the cloudy parcel is first positively
buoyant, is called the level of free convection (LFC). A cloud that reaches its LFC
is classified as an active cloud.

The cloud parcel continues to rise due to its own buoyancy while A8, or As, is
positive. The cloud temperature can be estimated by following a moist adiabat,
Eventually, the rising parcel reaches a level where it is cooler than the environment. This
point is called the limit of convection. The cloud parcel might overshoot beyond the
limit of convection because of its inertia, eventually stopping its overshoot at cloud top.

A variety of available potential energies can be defined from cloud properties. The
vertical integral of the parcel buoyancy between the LFC and LOC defines the
convective available potential energy (CAPE):

Zioc
CAPE = j £ sev@a (13.1.50)
Lalb: e

and is indicated as the shaded area in Fig 13.3. A velocity scale, WeapEs Can be defined
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by assuming that all the potential energy is converted into kinetic energy (Rogers, et al.,
1985):

1/2
Weape = (2:CAPE) (13.1.5b)
This scale can be used to model the overshoot of the cloud top above the LOC.

The evaporative available potential energy (EAPE) can be defined similarly as
(13.1.5a), except for the negative buoyancy associated with the evaporation of liquid

water within a sinking cloudy parcel (Betts, 1985). This can be used to study cloud-top
entrainment.

13.1.6 Example

Problem: Assume that the following measurements of (p, s;, Iy) were obtained in a
cloud and the surrounding environment, respectively: (80 kPa, 304.1 kl/kg, 16.5
g/kg)qoua and (80 kPa, 307.0 kJ/kg, 10 g/kg).,,. Is the cloudy parcel positively or
negatively buoyant?

Solution: To determine buoyancy, we must calculate s, for both the cloud and
environment. First, we can use the equations in Table 13-1 to write the expression for s,:

sy = GTI1 + 0.61r - nl+gz (13.1.6a)

Next, we can use the hypsometric equation to find gz:

g2

RT, In(po/p)
R T In(py/p)-[1+0.61r - 1, ] (13.1.6b)

where the overbar represents an average over the layer between P, and p. Since we have
no information about the temperature between those two levels, we will use the local value

of T and rr at p for simplicity. We will assume a reference level of z=0 at p, = 100
kPa.

Environment: In the unsaturated environment,r; =0 and r=ry. Thus:
S =8 = CPT + gz (13.1.6¢)
Combining this with the previous equation gives:

z = L
g = - (13.1.64)
(P
R Bl
1 + C, 1n.kpj (1+0611;)
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Using R/C,, = 0.286, p,/p = 100/80, and r; = 0.01 g/g, the term in square brackets
becomes 0.0642. This yields g z = 18,523 m%s2.

Combining (13.1.6a) and (13.1.6¢) yields an expression for the environmental virtual
static energy in terms of the knowns: sy, rr, and g z:

Sy = s + 0.611; (s -82)

307000 + (0.61)-(0.01)-(307000 - 18523)
308760 Jkg

308.8 kl/kg

"

Cloud: In a saturated environment: rp=r1y,, + r.. Thus, the liquid water static
energy becomes:

S, = CpT +gz - L,,r.l. + Ly 1, (13.1.6¢)

If we assume for simplicity that gzg,,4 = £Zenviron.» then all of the terms in the above
equation are known except T and 1. But since r,,, is a function of T (and p) via Teten's

formula, we can iteratively solve for the temperature that satisfies (13.1 .6e). The solution
is T =289.25 K and r,, = 14.54 g/kg.

The virtual static energy in the cloud is thus;
sy = GT-[1+ 1611, - ] + gz
(1004)-(289.25)-[ 1 + (1.61)-(0.01454) - 0.0165] + 18523
310937 J/kg
310.9 kJ/kg

I

Buoyancy: The cloud is more buoyant than the environment, because s, o, >

S8y environ-

Discussion: We could have made the problem much simpler by defining our
coordinate system such that z =0 at p = 80 kPa. Since both the cloudy and environmental
air parcels are at the same height for this problem, the gz terms would have disappeared.
Although this approach is acceptable for determining relative buoyancy, the magnitudes of
the resulting virtual static energies would differ from those usually obtained with a
reference height of 100 kPa.

Although it was stated earlier that any two of the conserved variables plus the pressure
or height are sufficient to solve for any other conserved variable, we see in this example
that the solution can be far from trivial. The problem lies in the nonlinear dependency of
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saturation mixing ratio on temnperature. Computerized solutions can be designed to iterate
the equations to solve for temperature. Alternately, linearized simplifications can be used
(Betts, 1982) to give an approximate solution.

13.2 Radiation

The physics relevant for radiation within and between clouds requires knowledge of
liquid water content, cloud droplet size distribution, cloud temperature, cloud surface
shape, cloud cover, solar zenith angle, and many more (Welch and Wielicki, 1984;
Schmetz and Beniston, 1986). Itis a very complex problem that is beyond the scope of
this book. We will focus on only the simplest parameterizations here for continuous
stratus/stratocumulus cloud decks. By neclecting radiation from cloud sides and
weighting the radiation budget by the cloud cover, the stratocumulus radiation
parameterization below can be extended in crude form to scattered cumulus clouds.

Fig 13.4 shows profiles of upward and downward short and longwave radiation for a
stratocumulus-topped marine boundary layer during the day (Nicholls, 1984). Solar
radiation is absorbed over a depth on the order of hundreds of meters in the top of this
cloud, while infrared radiative divergence occurs within about 30 m of the cloud top and
bottom. These are discussed in more detail next.

200 b 200}
(a) Solar
0 L3 1 1 1 a L 1 1 L L
0 200 400 600 E00 1000 250 300 320 340 360 380
! (Wm2) (Wm'2)

Fig. 13.4  Average (a) solar, K, and (b) IR, 1, radiation fluxes. The
extent of the stratocumulus cloud layer is shown by the
shading. (After Nicholls, 1984).

13.2.1 Solar

Fig 13.5 shows the vertical profile of net solar radiation (K* = KI + KT ) for an
idealized 500 m thick cloud within a 1000 m thick BL (Hanson, 1987). The exponential
decrease in net radiation with depth below cloud top causes warming within the top 100 to
200 m of the cloud. Lower in the cloud there is less absorption and less heating. There is
no noticeable solar flux divergence at cloud base. The cloud shades the ground, reducing
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the surface heating and the associated convection during the daylight hours.
Hanson and Derr (1987) have proposed the following simplified parameterization for
solar radiation absorption. It is assumed that the heights of cloud top and base are known

(zr and zg, respectively).
D[‘(ZT -2) |
1 -exp —5 |
A&ol !
= (13.2.1a)

[ zp-2g) ]

l - cxpL ?“sol ]

where the e-folding solar decay length, A, is approximated by:

K'(2 = K; - K{-Kp)

A = 15-WPD'335 (13.2.1b)

“sol

The decay length is typically in the range of 50 to 150 m. The liquid water path, Wy, is:

Zi-
W, = _l- P T2
Iy

in

(ZT - ZB) i
———ggfi*"— (13.2.1L)

where the last approximation gives Wy, in units of g/m2, for cloud heights in units of m.
The liquid water mixing ratio is assumed to increase linearly with height from cloud base
to cloud top, associated with moist adiabatic ascent, This latter assumption appears



CLOUDS 557

realistic for the midlatitude marine stratocumulus studied by Nicholls and Leighton
(1986), but less realistic for the arctic stratus clouds studied by Curry (1986). Typical
liquid water paths vary between about 10 and 1000 g/m2, Fravalo, et al. (1981) find that
the flux profiles are particularly sensitive to the liquid water content distribution.

The bulk cloud albedo, a_, and absorption, b, are used to find the net shortwave
fluxes at the top and bottom of the cloud (Kt™ and Kp”, respectively, positive for upward
flux):

&

K.

K (1-a.-b) Kl (13.2.1d)

(1-a) Kl

n

The second equation above describes the transmission of downward solar radiation

through the cloud. The downward solar flux at the top of the cloud deck, K{, is always
negative, and can be found from (7.3.1b). The albedo and absorption are a function of
the liquid water path and the solar zenith angle, as shown in Fig 13.6 (Stephens, 1978).
Stephens also presents a parameterization for these curves. One must be careful using
either the figures or the parameterization to ensure that the sum of the albedo and
absorption do not exceed one (a problem for large liquid water paths and small zenith
angles).

— e ——————————
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Cloud albede % ;g ﬁhsmptic/
—_ — f be=035
o ;’OQG\ ] ~ 1000 ="
E 0.3 E 0.125
2 [T \ 2 T .
> 00— o7 2 100k " 47 1
= F s \ = Iy
PCED \ 0025
10 321._?\‘-‘“-\4__!‘\1 10-—1—:"[’%1 if
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Fig. 13.6 The variability of (a) cloud albedo and (o) shortwave absorption
as determined by a theoretical model for changes of solar
incidence and liquid water path (W ;). The surface albedo is zero
and a tropical moisture profile is assumed. The contours are the
fraction of the incident downward flux at the cloud-top reflected or
absorbed. (After Stephens, 1978).
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13.2.2 Infrared

Fig 13.7 shows an example of the longwave radiative flux profile through a
stratocumulus deck, and the associated heating rate. Water droplets are such efficient
absorbers/emitters of IR radiation that the cloud essentially behaves as a black body. The
changes in radiative flux associated with the cloud occur with an e-folding length of only
about 30 m, causing a sharp cooling spike at cloud top and heating spike at cloud base.
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Although there is some debate as to exactly where these heating and cooling spikes
actually occur, we will assume that they occur just within the cloud boundaries.

b (a) (b)
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Fig. 13.7
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If fine resolution modeling of the flux divergence is required, a parameterization such
as proposed by Hanson and Derr (1987) and Hanson (1987) could be used. Otherwise, a
simpler approach allows all of the flux divergence to occur across a small fixed distance
such as 30 m. Rogers, et al. (1985a) modeled the change in net longwave flux across the

top (AI';) and bottom (AI'p) of the cloud as:

. G, 4 4
AIT = _p__Sc_]‘-B; [Tcloud top Tsky) (13.2.2a)
. o, 4 4
A = psgp (Tmfm ~ Tetoud base ] (13.2.2b)

where I* = Il + IT)is the net lon gwave radiation, positive upward.

13.3 Cloud Entrainment Mechanisms
13.3.1 Cloud-top Entrainment Instability in Stratocumulus

Lilly (1968) first suggested that the warm air entrained into the top of a stratocumulus
cloud might cool and sink if it were initially dry enough to support considerable
evaporative cooling of the neighboring cloud droplets. His criterion for this unstable
entrainment state was Agz6. <0, for Agz8. = Be just above cloud top ~ ec just below cloud top-
Randall (1980) and Deardorff (1980) recognized that the virtual potential temperature was

a better measure of buoyancy and instability, and suggested a minor modification to
Lilly's criterion:
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Entrainment is unstable if: ~ Apz0, < Apz8, criical (13.3.1a)

where the critical equivalent potential temperature jump across cloud top is (Rogers, et al.,
1985a):

8-A_r
= EZ'T
Aﬂee critical a, (13.3.1b)
The factor a4 is:
drsat
1 + 0.609r, + 1.609 T?TH
oy = (13.3.1¢)

L, [ 9
b C],T[T dT]

Negatively buoyant downdrafts formed from the entrained air produce additional TKE
that can enhance mixing and entrainment. The newly entrained air can then also become
unstable and sink, resulting in even more TKE and more entrainment. This positive
feedback process can cause a cloud to entrain large amounts of dry air, resulting in the
rapid breakup and evaporation of the cloud.

A number of investigators have suggested that (13.3.1a) is a necessary but not
sufficient condition for unstable entrainment (Hanson, 1984). Rogers and Telford (1986)
learned that some additional trigger or initial disturbance is required to start the whole
process. Albrecht, et al. (1985) pointed out that even if the criteria above are satisfied, the
cloud might not break up if the mixture between the entrained and cloudy air is
unsaturated.

13.3.2 Entrainment into Cumulus

Although lateral entrainment might be the dominant mixin g mechanism for unsaturated
thermals, it appears to play a minor role for many of the cumulus clouds studied.
Entrainment through the top of the cloud is more important. In this process, entrained air
at cloud top partially mixes with some of the cloudy air, and the mixture cools because of
the evaporation of some of the cloud droplets, just like stratocumulus cloud-top
entrainment instability. The result is a negatively buoyant downdraft (see Fig 13.8) that
sinks through the cloud and mixes with other cloudy air along the way (Pontikis, et al.,
1987).

Although Squires (1958) had originally proposed this mechanism, it wasn't until the
mixing analysis by Paluch (1979) that the cloud top entrainment mechanism was
confirmed and better understood. Her analysis, modified here using the techniques of

Betts (1985), uses conserved variables to diagnose the origins of air measured at various
levels within a cloud.
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Fig 13.9 shows an idealized conserved variable plot of an environmental sounding,
Measurements within clouds, plotted as the data points in Fig 13.9, lie on, or close to, a
straight line connecting a point on the environmental sounding corresponding to cloud-
base or subcloud layer air, and another point on the environmental sounding at the height
of cloud top. The fact that most of the measurements fall on the same straight mixing
line indicates that air originating from cloud base and cloud top are mixed together in
various proportions and left within the cloud.
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Fig. 13.9
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If environmental air from other levels between cloud base and cloud top were
entrained into the cloud, then data points would lie between the environmental line and the
mixing line drawn in Fig 13.9. Since few such data points are usually observed, we must
conclude that most of the air within the cloud came from cloud base and cloud top (Blyth
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and Latham, 1985; Jensen, et al., 1985). A further indication of the importance of cloud-
top entrainment is that the spread of cloud droplet sizes is smaller than would be observed
if lateral entrainment was a more prominent process. (Raymond and Blyth, 1986; Kitchen
and Caughey, 1981).

Many of Telford's observations show a bimodal or multimodal droplet size
distribution that further supports the cloud top entrainment mechanism (Rogers, et al.,
1985b). This prompted him to propose an entity-type entrainment mixing model
(Telford and Chai, 1980; Telford, et al., 1984), where there are various different but
individually well-mixed entities or blobs that move to their respective levels of neutral
buoyancy, and which together form the cloud as sketched in Fig 13.8. Raymond and
Blyth (1986) extended this approach to allow a variety of mixing proportions between
cloud top and cloud base air.

Betts (1986) and Betts and Miller (1986) have used mixing line results to develop a
convective adjustment parameterization for use in large-scale models. Betts and Albrecht
(1987) further noted that evaporation of falling precipitation into parts of the cloud can
cause penetrative downdrafts that result in kinks in the mixing line.

In addition to thermodynamic mixing-line analyses of mixing, there have been a
variety of direct observations of eddy motion fields. Kitchen and Caughey's (1981)
tethered-balloon observations showed a circulation pattern shaped like a "?" or a
backwards "P" (see Fig 13.10). Eymard (1984) observed a greater vertical velocity
variance immediately under clouds than at the same altitude between clouds. Briitmmer
and Wendel (1987) confirmed that there are often downdrafts along and just outside of the
lateral edges of cumulus clouds. Stith, et al. (1986) found that the updrafts at middle
levels in the cloud have diameters smaller than the cloud, but that near cloud top the
updraft is more diffuse and wider, implying significant mixing at cloud top.

o — e

Fig. 13.10
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13.4 Fair-weather Cumulus
13.4.1 Cloud Classification

Fair-weather cumulus clouds can be divided into three classes based on their dynamics
(see Fig 13.11): forced, active, and passive (Stull, 1985). This classification is
different than the morphological categorization based on cloud shape and appearance. The

total cumulus cloud cover (for low-altitude clouds, UCL) consists of the sum of the covers

of forced (CFCF), active (o¢ A), and passive (ch) cloud covers:

O'CL = GCF+ GCA+ GCP (13.4.1)

[

Fig. 13.11 Classes of fair-weather cumulus ciouds. (After Stull, 1985).

Forced Clouds. These clouds form in the tops of ML thermals, and exist only
while there is continued forcing from the parent thermal. Often, these clouds form in the
negatively buoyant portion of the thermal that is overshooting into the capping inversion
(entrainment zone). In spite of the latent heat release during condensation, there is
insufficient heating for these clouds to become positively buoyant. As a result, the clouds
behave as quasi-passive tracers of the top of the thermal. The cloud top never reaches its
LFC. Morphologically, these clouds are very shallow and often flat looking, and are
usually classified as cumulus humilis.

All of the air rising in the thermal up through the cloud base continues circulating
through the cloud and remains within the ML (i.e., there is no venting of ML air out of
the ML). In conditions of light wind shear, air in the cloud diverges from the center
toward the lateral edges, where descending return flow into the ML is associated with
droplet evaporation. In stronger wind shear, the cloud often appears as a breaking wave,

with updrafts on the upshear side, and the return circulation and downdrafts on the
downshear side.
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Active Clouds. These clouds are also triggered by ML thermals, but at some point
a portion of the updraft reaches its LFC and the clouds become positively buoyant. The
rising updraft then induces its own pressure perturbations that affect its evolution and
draw more air in through its cloud base. The lifetime of this cloud is now controlled by its
cloud dynamics and its interaction with the environment. It may persist longer than the
ML thermal that first triggered it.

These clouds can vent ML air out into the FA. Their vertical dimensions are often on
the same order, or slightly larger than their horizontal dimensions. Morphologically, they
are the cumulus mediocris.

Passive Clouds. When active clouds cease withdrawing air from the ML, we
classify them as dynamically passive. The tops of the passive clouds might still be
positively buoyant and may even be growing, but they no longer are venting ML air. The
bottoms of these clouds are diffuse as the droplets evaporate and mix with the
environment. As a result, the original cloud base disappears, leaving the remaining
portion of the cloud totally above the ML and EZ where it is not dynamically interactive
with the ML.

13.4.2 Feedback from the Clouds to the Mixed Layer

Radiative Feedback. All classes of boundary-layer clouds (o¢; ) shade the surface.

Over a land surface this results in negative feedback, because less solar heating of the
ground will trigger fewer or weaker thermals and will cause the ML to grow more slowly,
resulting in fewer new cumulus clouds being triggered. Thus on days over land where
solar heating is the primary driving force for free convection (rather than cold air
advection, ground thermal inertia, or forced mechanical convection), fair-weather cumulus
clouds will tend to reach an equilibrium cloud cover that is scattered (0.1 to 0.5 coverage)
or broken (0.6 to 0.9), but not overcast.

Dynamic Feedback. Active clouds withdraw some of the ML air, causing the ML
to grow more slowly or even not grow at all. This negative feedback limits the number of
new thermals that can penetrate high enough to rigger new active clouds. The continuity
equation (11.2.2b) describes how active clouds can modify ML growth. Given typical
values of entrainment velocity, subsidence, cloud base average updraft velocity, and ML
growth rate (0.05, -0.01, 1.0, and 0.02 my/s, respectively), (11.2.2b) yields an active
cloud cover of 2%. Thus, active clouds rarely cover more than a few percent of the area,
even when there are many forced and passive clouds present.

Briimmer and Wendel (1987) observed that these few active clouds have such
vigorous vertical motion that their vertical heat and momentum fluxes can be on the order
of 100 W/m? and 1 N/m?, respectively. When horizontally averaged over the remainder of
the cloud layer, these few clouds were responsible for most of the vertical transport.
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Environmental Feedbacks. There are two positive feedbacks that can be easily
discussed. Active clouds tend to vent moisture from the ML and deposit it in the FA.
Passive clouds tend to evaporate more slowly in a moist FA than in a dry one. Thus, the
number of passive and active clouds can increase in the FA with time as new clouds
develop, but older passive and active clouds linger because of slower evaporation rates,

Nonprecipitating active clouds also vent some of the cooler ML air (in a potential
temperature sense) into the cloud layer, Between clouds, subsidence brings warmer air
down to the ML top, where the ML can entrain it. Asa result, the ML warms and the FA
cools, resulting in a destabilization 6f the whole ML/FA system and the increase in cloud
cover.

13.4.3 Cumulus Onset Time and Cloud Cover

There is a thermal-to-thermal variability in temperature and moisture associated with
the variability in land use over which thermals form. Thus, thermals penetrate to a variety
of heights, and have a variety of LCLs. The range of penetration heights has already been
defined as the entrainment zone. The range of LCLs defines the LCL zone (Wilde, et
al., 1985).

The first cumulus clouds of the day will form when the top of the entrainment zone
reaches the bottom of the LCL zone, because at that time some of the thermals are reachin g
their LCLs. As more of the entrainment zone overlaps and moves above the LCL zone,
the cloud cover increases (Fig 13.12). If the entrainment zone were to move completely
above the LCL zone, then the sky would be overcast (> 95% cloud cover) because all of
the thermals are above their respective LCLs, leaving only the unmixed entrained air as
cloud-free breaks in the overcast.

The probability density function (pdf) of finding the top of a thermal at any height
within the entrainment zone is well described by a double exponential function, such as is
plotted in Fig 13.13. The peak in the function occurs at the mean ML height, z;, and the
width of the function covers the thickness of the entrainment zone. This function indicates
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that the tops of thermals are more likely to be found near z;, and less likely further away.
A similar double exponential pdf describes the distribution of LCLs.

By integrating over both pdfs for the entrainment zone and the LCL zone, we can
determine the cloud cover of forced clouds from the total probability of finding thermals
above their LCLs (Wilde, et al., 1985):

- %
S .[ pdf(z) J pdf(z ) dz 0 dz (13.3.3)
Z'LCL:O

z,=0

To forecast coverage of active and passive clouds, one must develop prognostic
equations such as those by Rogers, et al. (1985a).

13.4.4 Cloud Size Distribution

Lopez (1977) demonstrated that many cloud attributes, such as diameter and depth, are
distributed lognormally. Examples of observed cloud size distributions are shown in Fig
13.14, along with the best fit lognormal curve (Stull, 1984). We see that the diameters
and depths of most clouds cluster together, but there is a small percentage of clouds that
are much larger.

The expression for a lognormal distribution is given by:

2
_ 1 < ( InX/Ly)
pdfX) = R expp -05 | —z

em'™ X Sy Sx

(13.4.4)
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where Ly and Sy are the location and shape parameters, and X represents diameter or
depth. Integrating (13.3.4) over all X yields 1.0, which means that 100% of the clouds
present are explained.
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Fig. 13.14  Histograms of () cloud depth, and (b) cloud width, as measured
| from an airborne forward-looking automatic camera system. A
total of 78 fair-weather cumulus were observed during this oné
BLX83 case. The smooth curve is a maximum-likelinood best fit
of a lognormal distribution function to the data. (After Stull, 1984). I

13.4.5 Profiles of Mean Variables and Fluxes

Examples of soundings in a variety of cloudy boundary layers over oceans and
continents for different thermodynamic variables are shown in Figs 13.15 to 13.17.
Bougeault (1982) produced idealized profiles of liquid water potential temperature and
total water mixing ratio (Fig 13.15) using data from the Puerto Rico, Voves, and GATE
field experiments. The Puerto Rican data was obtained over the western tropical Atlantic
(Pennell and LeMone, 1974), where there was a strong capping trade-wind inversion
at 1.5 km, strong (15 m/s) BL winds, and vigorous turbulence generation (primarily by
shear in the lower third of the BL). The suppressed cumulus clouds in this region are
called trade-wind cumuli.
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Fig. 13.15 Profiles of 8 (solid) and r; (shaded) for four selected cases. Top

scale is, ryin g« kg™'; bottomn,8, in K. (After Bougeauit, 1982).
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The GATE 8ata was obtained over the eastern tropical Atlantic (Nicholls and LeMone,
1980), where light winds (3 to 5 m/s) and cooler sea surface temperatures resulted in
weaker mixing of the BL. The trade-wind inversion was at lower altitudes in the GATE
area (e.g., at about 750 m), and longwave radiative cooling of the BL approximately
balanced convective heating. Both the Puerto Rican and GATE data exhibited mesoscale
variability in cloudiness, and both had suppressed, nonprecipitating cumulus clouds. The
Voves data was taken over central France during the summer, where stronger convection
and weaker environmental stability resulted in a deeper boundary layer with taller cumulus
clouds.

Betts and Albrecht (1987) show a selected set of soundings from over the equaterial
Pacific Ocean obtained during the 1979 FGGE experiment (Fig 13.16). This diagram
represents an average of 84 individual soundings, where only those soundings having
active clouds capped by an inversion below 60 kPa (600 mb) are included. The vertical

line rising from the 8, curve represents the adiabatic rise of a parcel starting from 98 kPa
(980 mb), and indicates positive buoyancy (where it is warmer than the 8, curve)

between about 95 and 85 kPa (950 and 850 mb). The capping inversion is enhanced by
subsidence, but is also modified by radiative cooling.
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{ Fig. 13.16  Average profile ofr, 8,.8, and Bes, against pressure for
i selected FGGE cases. (After Betts and Albrecht, 1987).
—_——————————————— —

Finally, Raymond and Blyth (1986) show potential temperature, equivalent potential

temperature, and parcel buoyancy (g-A6,/6,) for nonprecipitating towering cumulus
clouds observed over the Magdalena Mountains of New Mexico (Fig 13.17). Weak cold
frontal passage earlier in the day reduced the instability of the lower atmosphere,
preventing thunderstorm development.

Examples of fluxes and variances averaged horizontally are shown in Fig 13.18,
based on the analysis of Nicholls, et al. (1982). We find significantly large variances,
particularly of temperature, within the cloud layer. Nicholls and LeMone (1980) found
that clouds affect the distribution of heat and moisture within the subcloud layer, but had
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Fig. 13.17  Soundings for towering cumuli on 29 July 1880 over New
Mexico. (After Raymond and Blyth, 1986).

little effect on the buoyancy profile. The greatest coupling between the cloud and
subcloud layers was via large wavelengths rather than small. Soong and Ogura (1980)
determined that cumulus clouds tend to respond rapidly to changes in large-scale forcings,
and can be assumed to be in a state of quasi-equilibrium.

Betts (1973) suggests that vertical fluxes associated with cumulus convection can be
parameterized using the concept of a convective mass fux, ®*, where
O = Oy Wy, and where Wyp 1s the average vertical velocity through the cloud bases of

all active clouds. The fluxes of any conserved variable, £, can be written
as:

wE = LACTRE) (13.4.52)
1- GCA
wE = 0" (&, - £y ) (13.4.5b)

where subscripts up and down represent the updraft and downdraft portions of the cloud
circulation, and the overbar represents a horizontal avera ge over both cloud and
environmental air. Penc and Albrecht (1987) find that this convective mass flux approach

also works fairly well for stratocumulus clouds, where they estimate ®* = 0.1 m/s near
the base of the cloud, decreasing slightly with height for the cases they examined.
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13.5 Stratocumulus
13.5.1 Vertical Profiles of Mean Variables and Fluxes

Fig 13.19 shows an idealized composite of vertical profiles of mean variables through
a stratocumulus topped mixed layer, in which the cloud and subcloud layers are fully
turbulently coupled (Turton and Nicholls, 1987; Rogers and Telford, 1986; Albrecht, et
al., 1985; Roach, et al., 1982; Caughey, et al., 1982; Slingo, et al., 1982; Brost, et al.,
1982a; and Stage and Businger, 1981a).

e ——— e ———
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g T o o Tt NG
Fig. 13.19 Idealized profiles of mean variables within a stratocumulus-topped I

mixed layer. {a) cloud location; (b) total water mixing ratio; (c)
equivalent potential temperature; (d) virtual potential temperature;
(e} liquid water mixing ratio {dashed line indicates the theoretical
adiabatic value); (f) number density of cloud droplets. (After Turton
and Nicholls, 1987; and Rogers and Telford, 1986).

The equivalent potential temperature and total water mixing ratio are constant with
height, supporting the view that the stratocumulus clouds are imbedded within, and are an
integral part of, the ML. The virtual potential temperature follows the moist adiabat within
the cloud layer, and the liquid water content increases almost linearly with height above
cloud base as would be expected if there were no precipitation. Variations in liquid water
content (or mixing ratio) are expected due to entrainment of drier air from above. The top
of the cloud often has significantly less liquid water than expected, for the same reason.
The number density of drops is roughly constant, however, suggesting that the droplets
are larger near the top of the cloud.

Turbulent flux responses to various imposed forcings are shown in Fig 13.20 (a-e),
where the solid lines indicate the response for a fully coupled cloud and subcloud BL, and
the dashed lines show the response for a cloud layer just recently decoupled from the
subcloud layer at cloud base. Figs 13.20 a & b show the individual effects of surface
heating and entrainment, while Figs 13.20 c-e show individual responses to both IR and
solar radiation. These individual curves are analogous to the process-partitioning results
for TKE production and consumption. For the entrainment curve, it is assumed for the
decoupled case that the cloud and subcloud layers are independently turbulent, with
entrainment in both directions across the interface at cloud base.
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These five figures can be used as building blocks to construct the turbulence response
for more complex cases. For example, adding (a) and (b) yields the usual linear ML heat
flux profile (Fig 13.20f). Adding (a) thru (d) gives a profile for an entrainin g nocturnal
stratocumulus-topped BL over a warm surface (Fig 13.20g) that looks similar to the data
from Stage and Businger (1981). Adding only the radiative contributions yields the
response shown in Fig 13.20h, which is similar to the transilient simulations of Stull and
Driedonks (1987). Finally, the sum of all components (a-¢) for the decoupled case yields
a curve (Fig 13.20i1) resembling the data of Turton and Nicholls (1987). Similar
constructions can be made to simulate the data of Nicholls and Leighton (1986), Albrecht,
et al. (1985), Brost, et al. (1982b), and Deardorff (1980). For all of these cases there are
noticable changes in many of the turbulent fluxes near cloud top and cloud base,
corresponding to changes in the radiative forcing,

13.5.2 Mixing Processes

There are seven processes that can generate the mixing required to maintain
stratocumulus clouds: surface-based (free) convection, differential cold-air advection,
surface-layer shear (forced convection), cloud-top radiative cooling, cloud-base radiative
heating, cloud-layer shear, and cloud-top entrainment instability. All of these are
processes that can be maintained in the absence of strong solar heating of the ground,
because we are assuming a broken to overcast stratocumulus deck that shades the ground
and attenuates the incoming solar radiation. Also, many of the processes can operate
simultaneously.

Surface-based free convection occurs when cold air is advecting over a warmer
surface, such as immediately following a cold front passage over land, or cold air masses
moving over warmer lakes or ocean currents. The first situation is usuaily temporary, and
disappears as either drier air advects in, or as the heat stored in the ground is lost. The
second situation is sometimes seasonal, and is associated with semi-stationary fog and
stratocumulus features such as the stratocumulus clouds off of southern California, or the
snow squalls downwind of the Great Lakes.

Differential cold-air advection. Sometimes after a cold frontal passage, colder
air is advected into an area aloft than is advected in at lower levels. The result is a static
destabilization of the layer of air, causing convection and cloud formation, Such
destabilization can occur even when the surface is colder than the overlying air,

Shear-generated mechanical turbulence associated with strong BL winds can
also cause sufficient mixing (forced convection) to maintain the stratocumulus topped ML.
Strong winds and the associated surface-layer shear are also found near fronts and low
pressure centers.

Cloud-top radiative cooling creates upside-down "thermals” of cold ajr that sink
from cloud top. This is another form of free convection, and can be important when there
are not other higher cloud decks to reduce the infrared coolin g from the lowest deck. This
process can operate both day and night.
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Cloud-base radiative heating is usually much weaker than cloud top cooling,
because of the small absolute temperature difference between the cloud-base and the
surface. This process differs from the preceeding ones because it destabilizes the cloud
layer, but stabilizes the subcloud layer. If conditions are right, cloud-base heating can
contribute to the decoupling of the cloud and subcloud layers.

Cloud-layer shear generates mechanical turbulence and mixing. Usually, the
shear is found near cloud top, although it is less frequently found near cloud base. The
turbulence generated by cloud-top shear generates very localized mixing and entrainment,
and can also contribute to decoupling of the cloud layer from the subcloud layer unless
there are other turbulent processes that can mix the excess TKE throughout the whole ML.

Cloud-top entrainment instability was descibed earlier, and is associated with
entrainment that leads to free convection of cold descending air parcels. Given the proper
ambient conditions at cloud top and the appropriate trigger, this process usually dries and
warms the ML, causing the cloud-base height to rise and the cloud deck to break up.
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Fig. 13.21  Effect of radiative cooling in the mixed layer on the idealized
circulation path. (a) Liguid water path; (b} virtual dry static energy
path; (¢} moist static energy path. (After Wang & Albrecht, 1986).

Both the Eulerian and process partitioning of the TKE budget have been used to study
mixing in stratocumulus clouds. Some of the Eulerian methods are discussed in the next
subsection. Wang and Albrecht (1986) used a process approach to model the updraft and
downdraft portions of the mixing circulations directly. A sample of their modeled updraft
and downdraft paths is shown in Fig 13.21, where they found that the thermodynamic
differences between the two paths is much less than the differences between the cloud and
its environment.

Moeng (1987) analyzed her large-eddy simulation model by grouping the warm rising
and cold sinking air parcels into a process-production component of TKE, and the warm
sinking and cold rising parcels into the process-consumption component. She found that
consumption is a larger fraction (0.22) of the total production (buoyant and shear) of TKE
for cloud-topped MLs than for cloud-free MLs, where the fraction was only 0.15 (see Fig
13.22). Moeng also confirmed that most (85%) of the longwave radiative cooling occurs
near the top edge of the cloud, in the entrainment zone portion of the BL.
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Fig. 13.22
Simulation of
production (B g} and
consumption (B
for: {a & b) Eulerian
partioning, and (¢ &
d) process

rtioning. (After
oeng, 1987).

13.5.3 Processes for Decoupling

During the day when solar heating of the cloud is significant, if the surface heat flux is
small, then it is possible for turbulence in the cloud layer to become decoupled from
turbulence in the bottom of the subcloud layer, with a stable transition layer in between
(Turton and Nicholls, 1987; Nicholls and Leighton, 1986). For this situation, TKE
production is too weak to support the large TKE consumption associated with downward
mixing of heated cloud-layer air into the subcloud layer.

Using the Eulerian definition for production and consumption, Turton and Nicholls
require that the net consumption below cloud base be less than a fraction of the net
production above cloud top, where z;, is the height of the bottom of the cloudy ML:

2 27
Jw'ﬁv’ dz <« -04 I w'e,’ dz (13.5.3a)
7, 7

It this condition is satisfied for z; = 0, then the cloud and subcloud layers are fully
coupled. Otherwise, decoupling is suggested with z; > 0 in order to satisfy (13.5.3a).

Fig 13.23 shows examples of fully coupled and uncoupled layers. A fully coupled
mixed layer can become decoupled after sunrise when there is sufficient heating within the
cloud layer. The two layers can stay decoupled if there is sufficient cloud heating, or can
become recoupled near sunset when the cloud heating is removed (see Fig 13.24).

Other mechanisms can also cause decoupling. If cloud-top entrainment instability
entrains sufficient warm air into the top of the cloud layer, then decoupling can occur
(Rogers, et al,, 1985a). Decoupling is also possible when shear generation of turbulence
at the top of the cloud layer is large enough (Wai, 1987).
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Fig. 13.23 Idealized boundary-layer profiles of 6eand ry, for a single mixed
layer structure (left) and for a decoupled muitiple mixed layer
structure (right). (After Turton and Nicholls, 1987).
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Fig. 13.24  Simulated diurnal evolution of the cloud layer for mid-latitude
stratocumulus in summer, showing a decoupling into two
separate mixed layers in late morning and afternoon. (After
Turton and Nicholls, 1887).

13.5.4 Entrainment

Most of the cloud-top entrainment relationships are written as a balance between the
production, dissipation, and consumption of TKE (Stage and Businger, 1981). The
production mechanisms include surface heating, cloud-top cooling, cloud-top entrainment
instability, and wind shear. Consumption is associated with warm entrained air moving
down and cold air moving up. The basic premise, as discussed in Section 11.4.3, is that
the portion of produced TKE which is not dissipated or transported away can be expended
by consumption during the entrainment process.

Randall (1984) recognized that entrainment and parcel motion is a very nonlocal
process that is best described by Lagrangian or nonlocal turbulence closure approaches.
Parameterizations of the Lagrangian concept lead to the Eulerian and process partitioning
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approximations described earlier, but variations in the particular choice of parameterization
can lead fo estimates of entrainment differing by over a factor of two. It is clear that more
work needs to be done to clarify the cloud-top entrainment process in stratocumulus
(Hanson, 1984).

Some specialized entrainment models have also been proposed based on a limited set
of production mechanisms. For example, Rogers, et al. (1985a) suggested the following
entrainment velocity for cloud-top entrainment instability :

‘ 12
- | &la_®
w, = [e ‘ Bz Ve | fc] (13.5.42)

where /. is the distance traveled by negatively buoyant entrained elements. When cloud-
top radiative cooling dominates:

%
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(13.5.4b)

where AI" is the net longwave radiative flux divergence near cloud top, expressed in
kinematic units (K m/s). Other buoyancy flux production factors have been used in the
numerator of the above equation for processes other than radiation.

Finally, many entrainment relationships have been proposed relating a dimensionless
entrainment velocity to an inverse Richardson number (Nicholls and Turton, 1986):

W |

- = Ri (13.5.4¢c)
W, O U,

where the convective Richardson number, Ri*, can be defined in terms of W, U, Or other
turbulence production scales. Deardorff (1980; and Albrecht, et al., 1985) suggest that
critical values of the entrainment velocity can be related to stratocumulus breakup and
dissipation. Tag and Payne (1987) note that stratocumulus decks can break up slower in

stronger wind shears at cloud top, given that the cloud-top entrainment instability criterion
is satisfied.

13.6 Fog

The following fog types can form in the boundary layer: radiation, advection,
precipitation (frontal), steam, and upslope. Only the first two will be discussed in more
detail here. .

13.6.1 Radiation Fog

Two types of radiation fog have been observed: (1) a mist that is most dense near the
ground but becomes diffuse with height; and (2) a well-mixed fog layer with a sharp top
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that is similar to a stratocumulus cloud (Welch and Wielicki, 1986; and Gerber, 1981).
The following scenario shows how these fogs develop, and how the mist can become a
well-mixed fog (Wessels, personal communication).

As the air close to the ground cools further below the dew point temperature than air
higher in the SBL, a mist can form that sometimes has greater liquid water content at the
bottom than the top (Gerber, 1981). This fog has a diffuse top and is often very shallow,
with depths from 1 m to about 5 m (Fig 13.25a). If the sun rises before this fog develops
further, then short-wave radiation can penetrate the fog, heat the surface, and evaporate
the fog. SBL scaling and dynamics can be used to describe this fog.

o
(a) s (B) s (©) ‘
zT 2 z
Mixed
layer
&
0 g ] %

Fig. 13.25 Types of foq: (a) mist where liquid water content decreases with
height; {b) dense, well-mixed fog; and (c) elevated
fog/stratocumulus. IR radiation is indicated by the long-wavelength
arrows, and solar radiation by the short-wavelength arrows.

Instead, if the mist thickens and liquid water content increases during the night as
radiative cooling continues, then there is less net radiative heat loss from the ground and
more from the dense parts of the fog. Eventually, the fog becomes optically thick enough
that there is greater radiative flux divergence near the top of the fog than the bottom. At
this point, cooling at fog top generates cold thermals that sink and begin to convectively
mix the fog layer. Very quickly, the fog becomes more uniform in the vertical, with a
well-defined top edge (Fig 13.25b). This sharp top also concentrates the radiative
divergence closer to that region, which reinforces convective mixing in the fog layer.

The well-mixed fog behaves like a stratocumulus cloud, and can consists of cellular
circulation patterns or patches with a horizontal scale on the order of 2 to 3 times the fog
depth (Welch and Ravichandran, 1985; and Welch and Wielicki, 1986). Both the well-
mixed fog and the stratocumulus cloud appear to follow convective ML scaling (using
turbulent fluxes at the top of the ML where appropriate) rather than SBL scaling. Many of
the parameterizations described earlier in this chapter for stratocumulus clouds can be
applied to the well-mixed fog.

Well-mixed fog can persist well into the morning, because much of the solar radiation
is reflected from the top, and radiative cooling of the top continues during the day. The
combined effects of absorption of a little solar radiation in the interior of the fog and
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longwave cooling at cloud top can cause the boundary layer to warm and the fog base to
Iift from the ground. This fog is then reclassified as a stratocumulus cloud (Fig 13.25¢).
Sometimes the patchiness of the fog is enhanced by solar heating of the ground between
patches, causing the fog to break up into cumulus clouds. A wind-speed increase can also
enhance mixing of the fog with drier, warmer air aloft to trigger fog lifting or break-up.

The onset time of fog, and the transition from a mist to a well-mixed fog, are sensitive
to the balance between all processes (Turton and Brown, 1987). Small errors in any one
of the processes can lead to large errors in fog forecasts and models. As a result, precise
onset and dissipation times for fog are often difficult to forecast.

13.6.2 Advection Fog

Advection of warm humid air over a cooler surface can result in advection fog. Such
fogs are frequently found off the west coast of California, and the west coasts of South
America. With persistent wind fields and sea surface temperature, it is relatively easy to
forecast the onset location and mean properties of this fog. Advection fogs are also found
during spring when warm, moist air advects over snow and cold lake surfaces. Forecast
methods utilize SBL and TIBL evolution physics.

Once formed, radiative cooling of the fog top can enhance the mixing, creating the
stratocumulus-like advection fog with a sharp top. Light winds can also induce sufficient
mixing to create a cool ML filled with advection fog.
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13.8 Exercises

1) Given the following wind and 6, profiles in a stratocumulus-topped mixed layer.

Indicate in the table below the sign ( +, -, 0 ) of each term of the simplified
rurbulence kinetic energy (e) equation for each region. (The shaded region represents
cloud.)

de/dt = (g8, )Wo' - uw 9Udz - awe)oz - €
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L ]
»
»
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2) What is the approximate relationship between static energies and potential temperatures?

3) Given the following data points of (p, 8¢, rr) in units of (kPa, K, g/kg) representing an
environmental sounding: (100, 303, 19) (95, 303, 19) (90, 303, 19) (85, 305, 13)
(80, 306, 10) (70,312, 8) (60, 322, 5) (50, 335, 3) (40, 355, 2).

a) Plot these on a conserved-variable diagram (6 vs. rp).

b) Suppose that a cloud exists in this environment, with a top at 60 kPa and base at
90 kPa. Draw the mixing line on the diagram, and plot the points corresponding to the
following mixtures of environmental air from cloud top and cloud base (top,base):
(50%, 50%), (30%, 70%), (20%, 80%), and (10%, 90%).

¢) If there is additional mixing within the cloud (for example, the 50/50 mixture air
mixing with the 10/90 mixture air), where do these mixtures fall on the mixing line?

4)" Suppose the mixed layer includes the points at 100 to 90 kPa in the previous example.
Where do these mixed layer points fall on the conserved variable diagram?

5) a) Given the atmospheric measurements in the table below, calculate the remaining
thermodynamic variables to fill in the table. Assume that the cloud, for which data
was supplied, is embedded within the given environment.

b) Plot all varieties of potential temperature as a function of height on the same graph.
c) Plot all varieties of static energies (both moist and dry) on the same graph.

d) At what pressure does neutral buoyancy (limit of convection) occur for the cloudy
air specified in the table, and for a parcel rising from cloud base?
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¢) Calculate the CAPE in units of m%s? of the actual cloudy air, and for an air parcel
rising from cloud base.
f) Assuming no entrainment, mixing, or friction, what vertical velocity would an air
parcel have at the limit of convection if it started at cloud base with an upward velocity
of 1 m/s? About how far above the LOC would the air parcel overshoot (i.e., where
is cloud top)?
g) What processes might be responsible for the differences between actual in-cloud
measurements and the idealized moist parcel ascent?

Measurements in the environment:

r s s s s 5
p T r |rsat L 1v 8 ev ee IE}!_ 8es v e L €8
(kPa)f (°C) [(a/kgXa/kgi(g/kg] (°CY} (K} | (k) | (K) | (K) | (K) |(37@)|(aig) {(J/9)|(d/a) {J7g)
100 30 20
90 21 15
80 14 10
70 9 9
80 5 5
50 1 3
40 0 2
Measurements in the cloud:
r 5 ) s s
p§T r{rsat Li v 6 ev Be eL Ges vi e L| Ses
(kPak (°C) I(a/kgKa/kgh(a/ka] (°CY| (K} | () | (K) | (K) | (K) {(d/Q)j(uig) |(d1)|(dia) lurg)
g0 22 0.5
80 16 2.0
708 1 5.0
60 7 4.0

6) If w's;' = 0.05J/g)(m/s) and w'r.' = 0.05 (g/kg)(m/s) , then calculate the value

of the buoyancy flux, w's .

7) Find the saturation vapor pressure and mixing ratio for T = 20°C and P = 90 kPa.
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8) Find the saturation-point temperature and pressure for P = 85 kPa, T = 20°C, r = 8
g/kg.

9) Find and plot the net solar radiation as a function of depth within a stratocumulus
cloud, given z; = 1000 m, zg =700 m, solar zenith angle = 70°, and K = -900 W/m?.
What are the values of the e-folding decay length, bulk cloud albedo, and bulk cloud
absorption?

10) Find the change in net longwave flux across the top and bottom of a stratocumulus
cloud, assuming the following temperatures: Ty ... = 30°C, Taoud base = 25°C,
Tcloud top = ISCC, and Tsky = 100 K.

11) Just above cloud top: P = 80 kPa, T = 10°C, ry = 0.5 g/kg. Just below cloud top: P
=80 kPa, T = 5°C, rr = 10 g/kg. Is this stratocumuls cloud unstable for cloud-top
entrainment?

12) Calculate and plot the distribution of cloud diameters, assuming the lognormal location
and shape parameters are 750 m and 0.75, respectively.



