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1 Introduction

Stratocumulus clouds (Sc) are a significant component of the Earth’s climate system. By
increasing the albedo and negligibly affecting the outgoing long-wave radiation, Sc cool the
underlying surface. Additionally, because Sc cover large areas (about a third of the Earth’s
oceans) this cooling effect has global implications. Moreover, the impact on the climate is
emphasized with an abundance of Sc over subtropical oceans, where the Earth annually re-
ceives large amounts of incoming solar radiation. Modeling studies suggest that the global
cooling resulting from a modest increase in the Sc global coverage could offset the expected
warming from doubling the concentration of carbon dioxide in the atmosphere (Slingo, 1990).
The climatological importance of Sc encourages a fundamental understanding of the processes
involved in the formation, sustainability and dissipation of these clouds. Steady progress has
been made in this direction during the past half a century. However, many questions remain.
One such question is related to the appearance of areas of relatively cloud-free air embed-
ded in an otherwise homogeneous cloud field. As satellite images in Figs. 1 and 2 depict, these
‘clearings’ (sharply bounded darker regions on the figures) actually represent clouds with a
different organizational pattern. While Sc, the high albedo region, can be characterized as
organizing in a closed cellular pattern, with brighter (thicker) clouds at the center of the cell
and dimmer (thinner) or no cloud at the cell edges, the ‘clearings’ are more characteristic of
an open cellular pattern where clouds define the cell boundaries and the cloud-free regions the
cell center. Although these formations have attracted the interest of satellite meteorologists
for a long time (see reviews by Agee et al., 1973; Garay et al., 2004), the analysis of in situ
data collected in their vicinity has only recently been conducted (Stevens et al., 2004). To
emphasize both the compact structure of these features in reference to the surrounding Sc
decks and their distinctive convective organization Stevens et al. (2004) named them ‘pockets
of open cells (POCs)’, a terminology we adopt here. In situ data suggest a link between POCs
and precipitation (Stevens et al., 2004; vanZanten et al., 2004), but the nature of the link and
other possible processes which initiate and maintain POCs are still objects of speculation.
Precipitation (in the form of drizzle) is an interesting phenomenon in its own right. Driz-
zle can reduce both the cloud thickness and the horizontal continuity (Pincus and Baker,
1994; Albrecht, 1989), which are essential for the Sc albedo. Through this process, drizzle

plays a key role in the second indirect effect of aerosols on climate. Furthermore, drizzle also



Figure 1: Example of POCs (darker regions) embedded in the broader regions of Sc cloud deck (lighter
regions) off the coast of Peru.

affects the low-level flow characteristics by changing the thermodynamic properties of the
stratocumulus topped boundary layer (STBL). Previous studies suggested that drizzle causes
a transition from Sc- to Cumulus-type of dynamics (Paluch and Lenschow, 1991; Wang and
Wang, 1994; Stevens et al., 1998), but no consensus as to the mechanism of that change has
been established.

The idea that drizzle can help initiate and maintain POCs is supported by the theoretical
work of Wang and Wang (1994) and Stevens et al. (1998), who argued that drizzle causes the
transition of Sc-type convection to the cumulus-type. Nevertheless, these studies have some
limitations and warrant further study. In particular, Wang and Wang (1994) used a model

that does not resolve the full 3D dynamics, whereas Stevens et al. (1998) used a 3D model,



Figure 2: More detailed view of the cellular structure of POCs. A region of open cellular convection
has dark cell interiors, with bright cell walls, whereas the closed cellular convection of Sc has bright
cells with darker cell walls. (from Stevens, 2004)

but on a domain that is too small to allow open cells to emerge.

In the study proposed here, we would like to shed more light on the relationship between
drizzle and the dynamics within the STBL, which is closely related to the morphology and
organization of the clouds within the planetary boundary layer. As a start, we would like
to explore if the drizzle induces circulation changes. The results of this initial work would
be a basis for examining what particular aspect of drizzle affects the dynamical evolution of
the layer, as well as exploring the mechanism of the formation and longevity of POCs. Our
long-term goal is to achieve a better understanding of the differences in the dynamics between

the precipitating and non-precipitating cloud topped boundary layer, as well as mechanisms



for initiating POC-like features in the STBL.

Our method of addressing the above issues is to use large eddy simulations (LES) of the
idealized nocturnal STBL. LES three-dimensionally resolves the most energetic eddies in the
flow, and therefore requires the least assumptions regarding the flow (the parameterizations
are for the sub-filter scale, microphysical and radiative processes). The particular LES that
will be used in this study is the UCLA LES (the latest version is described in Stevens et al.,
2004). It has recently been configured to permit very large domain integrations capable of
representing the scales of motion evident in the development of the open cellular convection
that compose POCs. The previous version of this LES, which was restricted to a smaller
domain, was the basis for the currently most detailed study of the dynamics of the drizzling
STBL, i.e., Stevens et al. (1998), which gives us confidence in the application of this LES for
our study. To reduce the computational costs and focus on the effect of drizzle, rather than
drizzle formation, we will parameterize drizzle using simple models and empirical relationships
between drizzle rates and cloud depth in part motivated by the observations analyzed by
vanZanten et al. (2004).

In the following, we review the ideas pertinent to this study. In section 2 the focus will
be on the processes that determine the structure of the STBL, the impact of drizzle on the
STBL, and description of POCs, where we will refine the goals that are outlined here. In
section 3 we provide the description of the LES and in section 4 the experimental setup of the
simulations. In section 5 we describe our plans for future work and in section 6 the proposed

timeline for the study.

2 Background

Stratocumulus are low-level clouds with a generally stratiform appearance and underlying cel-
lular structure. They develop at the top of thermodynamically distinct maritime atmospheric
boundary layers. Such boundary layers form in conditions where the overlying free troposphere
is much warmer than the underlying cold ocean. Tending to be more similar in characteristics
to the latter they are often capped by a strong temperature inversion. These conditions are
typically met in the eastern regions of subtropical oceans. Here the upwelling in the ocean
brings cold water to the surface and in the atmosphere subsidence enhances the warmth of
the overlying air contributing to the thermal contrast between the ocean and the overlying

atmosphere. Klein and Hartmann (1993) used the difference between the potential temper-



ature, 0, at 700 mb and its value at the surface, to quantify the ocean-atmosphere thermal
contrast. They called this difference the lower tropospheric stability (LTS), and showed that
the Sc prevalence correlates well with the LTS on the seasonal and interannual time scales.
In addition, Klein et al. (1995) suggested that the local cloud amount is better correlated
with the LTS 24 h upwind than with the local LTS, which indicates the importance of cold
advection not only for the Sc formation (which was suggested by Paluch and Lenschow, 1991)
but also for their sustainability. The correlation with the upwind conditions also indicates the

existence of memory in the system, which could play a role in the POCs formation as well.

2.1 Typical Mean Structure of the STBL
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Figure 3: Cartoon of well mixed, non-precipitating, stratocumulus topped boundary layer, overlaid
with profiles of 6;, ¢; and ¢;. The profiles, as well as the heights of cloud base and top, are constructed

from data from RF01 of DYCOMS-II. The dash-dot line represents the adiabatic liquid water content.
(from Stevens, 2004)

Most of the conceptual and theoretical descriptions of the STBL involve a well mixed,
radiatively driven and non-precipitating STBL, as depicted in a cartoon in Fig. 3. The cartoon
illustrates the mean structure, environmental conditions and the most important processes
that occur within the STBL. Data presented in the cartoon were collected during the first
research flight (RF01) of DYCOMS-II (the second DYnamics and Chemistry Of the Marine
Stratocumulus field study described in detail in Stevens et al., 2003). Displayed are adiabatic
invariants (liquid water potential temperature, §; ~ 0 exp( —cquL ), which describes the thermal

structure, and total water mixing ratio, ¢;, which represents the moisture content within the

layer; L, ¢, and T' are the latent heat of vaporization, isobaric specific heat and temperature,



respectively), as well as the liquid water mixing ratio, ¢;, which indicates the presence of the
cloud.

As shown in Fig. 3, the STBL is relatively shallow, cool and moist, and capped by a
warmer, drier and gently subsiding free atmosphere. The transition of 8; and ¢; between their
boundary-layer and free-tropospheric values is sharp, with a strong increase in temperature
(temperature inversion) and decrease in moisture and liquid water content. The inversion,
which is very stable, acts against mixing of the STBL with free-tropospheric air and is the
largest constituent of the lower tropospheric stability defined by Klein and Hartmann (1993)
and discussed above.

Profiles of 6; and ¢; in Fig. 3 show that the STBL is vertically well mixed, which results from
convective turbulence within the STBL. The main source of turbulence in the STBLs is the
infrared radiative cooling at the top of the cloud, unlike in the dry convective boundary layers
(DCBLs), where the dominant source of turbulence is the surface heat flux. This essential
difference in the sources of the turbulent motion leads to the difference in the peak time for
the maximum strength of turbulence between the two regimes. In the STBL turbulence is
at its maximum during the night, when the cooling is the strongest due to the lack of offset
from the solar radiation, while for the DCBL it peaks in the daytime, when the land surface
is warmest. Many modeling and theoretical studies have taken advantage of the absence of
the solar radiation in the nocturnal conditions preferred by the STBL, while most of the
observations were performed during the day. This discrepancy between the observations and
theory has recently been bridged during DYCOMS-II, whose data are presented in the cartoon.

Basic processes within the STBL are also illustrated in Fig. 3. In addition to mixing of
STBL air, turbulent motions within the STBL entrain quiescent free tropospheric air into the
STBL by engulfing and subsequently mixing it into the STBL air. From the perspective of the
STBL mass budget, the diabatic growth of the STBL by entrainment counteracts the large-
scale subsidence. From the heat budget point of view, entrainment warming competes with
the cloud-top cooling and surface heat fluxes. As for the moisture budget, entrainment acts
against the surface moisture fluxes and dries the STBL. Note that both the source (radiative
cooling) and the sink (entrainment) of turbulence act at the same interface — cloud top —
which makes the study of the STBL challenging in many respects.

Surface heat and moisture fluxes are additional sources of turbulence, but generally less

important. As we will see later, when these sources become important, our view of the well



mixed STBL becomes questionable.

2.2 Mixed-layer Framework

The well-mixed state of adiabatic invariants within the STBL is a foundation for our theo-
retical understanding of the STBL. Mixed layer theory, originally developed by Lilly (1968)
and with only modest elaborations in the meantime, is still providing advantageous insights
in the STBL properties. We use it too, as a starting point upon which we build further in
describing the effect we expect for drizzle to have on the STBL.

In mathematical terms, the state of the STBL can be described simply in terms of the
height of the layer (h), and the layer mean (bulk) values of 6; and ¢, which we denote by a

hat. The evolution of these quantities satisfies the following equations:

dh

do, 1 R .
dftl = E[V(szo —0) + E(0 — 0;) — ALy (2)
dg: 1 . .
o E[V(Qt,o —Gt) + E(qtq — Gt) — AF,]. (3)

Here: W = —Dh is the large-scale subsidence at the top of the layer; D is the large-scale
divergence, which is assumed to be independent of height within the boundary layer; E is
the entrainment rate, which is used to parameterize the entrainment fluxes; V is the surface
exchange velocity, which parameterizes the surface fluxes; AFy, and AFj, are the total diabatic
flux divergences across the layer depth and are related to the radiation and drizzle.

In the equations (1)-(3), which represent the mixed-layer model (MLM), all the parame-
ters, except perhaps E, can with confidence be expressed in terms of the large-scale or bulk
quantities. For instance, AFy, and AFj, are related to the cloud depth through the liquid
water path, which is straightforward to be determined in the MLM because the cloud top
coincides with the top of the STBL and the cloud base is at the height where ¢; = g5 and
q = 0, with ¢, being the saturation water vapor mixing ratio that depends on the temperature
and pressure.

The parameterization of E, necessary to close the system, has been a topic of ongoing
research ever since the first formulation of the MLM. Most of the attempts to parameterize

entrainment are related to the ability of the system to do work, the stability of the capping



inversion layer and the effect of non-turbulent processes in deepening the layer (Stevens, 2002):

W
E=Ag— +D. (4)

Here, A is an efficiency factor that depends on the state of the STBL, W is a working rate that
depends on the forcing, A_b = %A,HU is an isentropic buoyancy jump across the interface,
that is used to measure the interface stability, and D represents non-turbulent processes
(e.g., radiative cooling of the air just above the inversion layer); also, 6, = 6(1 + 0.608q, —
q1), qv and 6y are the virtual potential temperature, water vapor mixing ratio and reference
potential temperature, respectively. To the extent that buoyancy dominates the energetics of
the STBL, the rate of working can be measured by the vertically integrated buoyancy flux,
B = % foh w0l dz. The complexity of the problem, however, arises from the dependency of B
on the properties of the entrainment interface. The easiest way to explain the entrainment
parameterization, then, would be to express W as the amount of work that the system can do if
driven only by the surface fluxes and the radiative cooling at the top, without any entrainment.
In this case we can expect A < 1 because the system does work as it entrains. From this point
of view, the question is how to parameterize A. Another complexity arises from the presence
of the condensate just below the entrainment interface, due to its evaporation in the process
of mixing. If evaporation is strong enough (i.e., evaporative cooling exceeds the entrainment
warming), a mixed parcel becomes negatively buoyant, which is known as a buoyancy reversal.
In this case evaporation can be seen as an additional source of turbulence kinetic energy,
and entrainment can be a source rather than a sink of energy. Many authors have related
the buoyancy reversal to the instability of the cloud top interface (known as a cloud top
entrainment instability, or CTEI) and thus proposed it as a mechanism for breaking up the
Sc deck (e.g., Lilly, 1968). However, more recent studies (e.g., Turton and Nicholls, 1987;
Bretherton and Wyant, 1997; Wyant et al., 1997) associate the Sc break up with decoupling,
a process we discuss further below.

If the time scale of variation in the forcings is long compared to the turnover time scale
within the STBL, the well mixed STBL tends to stay well mixed and therefore be characterized
as quasi-steady state. A quasi-steady state is characterized by time invariability of the profiles
of conserved variables (e.g., in case of 6;: 3;0.0; = 0). For a horizontally homogeneous flow

(040, = 0, (v’ 0, + Fy,)), this implies a linear profile of the sum of diabatic and turbulent fluxes

of conserved quantities (0,0.(w'0) + Fp,) = 0). Therefore, in the MLM, given a knowledge



of the diabatic forcings, F', and turbulent fluxes at the flow boundaries, quasi-stationarity

determines the profile of the turbulent fluxes of 6; and ¢; (w'#; and w'q;).
Furthermore, because the state variables determine the buoyancy (b ~ 6, /6y ~ a0 / 0+

B q), their turbulent fluxes also determine the turbulent buoyancy flux, B. However, the
presence of the condensate once again complicates the problem. In moist unsaturated air, the
thermal effect on buoyancy is more important than the moisture effect, whereas in saturated

air, the moisture becomes more important due to the release of latent heat by the phase

()

change. In the expression for B:
B=wbt =g O‘U(U}IQZ/QD) + Buw'qy gt < gs,
as(w'0;/00) + Bw'qy @ > gs,
‘?9%1; and

these effects are isolated in the partial derivatives au,, as, By, and (s (where a =
), which are functions of state and can be determined analytically. For shallow flows,

ﬁ  Oqe
g kg™! they have the following values: a, = 1.06, as = 0.608, 3, = 0.49, and 3, = 3.3

_ 006y
the partial derivatives can be approximated to be constant, and for ; = 288 K and ¢; = 10
(Stevens, 2004). As the values for the partial derivatives show, the thermal effect on buoyancy

in the cloud is reduced almost to the half of its subcloud value, whereas the moisture effect

is increased almost an order of magnitude. Also in (5), g is the gravitational acceleration and

0o is the reference potential temperature.
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Figure 4: Cartoon of turbulent fluxes in the non-precipitating and weakly-entraining STBL. Fp, =
gw'd; /6y and F;, = gw'q; are in the buoyancy units. By, and By, are the turbulent buoyancy fluxes

associated with the fluxes of 8; and ¢;, respectively, while B is the sum of the two.

The effect of the cloud presence on the buoyancy flux profile in the weakly-entraining and



non-drizzling STBL is illustrated in a cartoon in Fig. 4. As discussed above and depicted in
the cartoon, the STBL in the quasi-steady state has a linear sum of turbulent and diabatic

fluxes of the state variables. As the flow is mainly driven by the radiative cooling, the whole

layer is cooling, while for the moisture content we have assumed stationarity, i.e., a balance

between the surface moistening and evaporative drying. The resulting buoyancy flux profile
is therefore positive throughout the whole layer, with the jump at the cloud base:

Asz - sz+ - sz_ = g[(as - au) FH;/HO + (/Bs - ﬁu) Fq;&] =
= g[—0.452w'0, /6y + 2.81w'q)],

(6)

where sz+ and B, are the buoyancy fluxes just above and just below the cloud base,
respectively, with z, being the height of the cloud base. The buoyancy jump is related to the
release of latent heat at the cloud base, and therefore tightly coupled to the upward moisture

flux. This is also confirmed in Eq. (6), which implies that in the buoyancy driven STBL, for
the buoyancy jump to be positive w’q; has to be positive as well.
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Figure 5: Cartoon of turbulent fluxes in the non-precipitating and strongly-entraining STBL. The
symbols are as in Fig. 4.

If the entrainment is strong enough, the layer may actually warm. For the STBL to stay

well mixed then, the buoyancy flux just below cloud base could become negative, as in Fig.
5. The negative buoyancy flux below the cloud base can be interpretated as a need for the
cloud layer to do work on the subcloud layer to keep the well-mixed thermodynamic state
and supply the moisture to the cloud. In these terms, the cloud has only a limited ability

to do such work. This was once a motivation for another class of entrainment closure. These

10



‘flux limiting’ closures actually allow entrainment only until the ratio of vertically integrated

net negative buoyancy flux to the vertically integrated positive buoyancy flux reaches some
prescribed limit (Lilly, 1968; Schubert et al., 1979).

2.3 Decoupling

One could ask what happens to the STBL when the rate of entrainment warming requires a
negative buoyancy flux over a substantial height at the top of the subcloud layer, as in Fig.
6. This question has been addressed in numerous studies, which suggested that the STBL
decouples and the Sc decks break up in this scenario. For instance, Turton and Nicholls
(1987) and Bretherton and Wyant (1997), who studied the diurnal and deepening-warming
decoupling, respectively, with mixed-layer models, suggested that if the negative buoyancy flux
in the subcloud layer overcomes the cloud ability for downward mixing, Sc either thins (Turton
and Nicholls, 1987) or transitions to Cu (Bretherton and Wyant, 1997). The difference in their
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Figure 6: Cartoon of turbulent fluxes in the decoupled STBL. The symbols are as in Fig. 4.

results follows from the difference in the sources of decoupling. In the Turton and Nicholls
(1987) study, the cloud top radiative cooling gets offset by the short-wave cloud warming and
therefore the main source of turbulence gets reduced, while the entrainment continues, which
causes the evaporation of the cloud. In the Bretherton and Wyant (1997) study, however,
the surface fluxes, particularly the moisture flux, become additional sources that enhance the
turbulent motion and therefore the entrainment, which then overcomes the radiative cooling

and enhances the warming over the whole layer, providing the conditions for more vigorous
Cu dynamics.
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Although the sources of decoupling and the final state of the cloud are different in these
studies, they both recognize the importance of the buoyancy flux and diagnose the decoupling
in a similar manner. Turton and Nicholls (1987) introduced the threshold for the ratio of
vertically integrated buoyancy flux in the subcloud layer to the vertically integrated buoyancy
flux in the cloud layer to diagnose the separation of layers. They estimated the threshold to be
-40%. Bretherton and Wyant (1997), though, modified the metric to the ‘buoyancy integral
ratio’ (BIR), which is the negative ratio of vertically integrated negative buoyancy flux in
the subcloud layer to the vertically integrated positive buoyancy flux throughout the rest of
the boundary layer. The BIR threshold they used is 15%. However, an LES study by Stevens
(2000) suggests that some degree of decoupling is present for any positive value of BIR if the
decoupling is measured by the reduced variance of vertical velocity, or by the development of
vertical gradients of scalars. Moreover, the study suggests that the mixed-layer models with
values of BIR higher than 10% are ill defined, as that value denotes a pronounced development
of a two layer structure. Stevens (2000) even suggests that this threshold value can be used
in the general circulation models for distinguishing the boundary layer regimes between Sc-
topped and Cu-coupled (including Cu-under-Sc) boundary layers. Regardless of the value of
the threshold, this body of literature provides the basis for understanding Sc, decoupling and
the transition to Cu. It also provides the framework for presenting and discussing results of

future studies.

2.4 Drizzle

One of the processes thought to play an important role in the life cycle of Sc, but not presented
in Fig. 3, is precipitation in the form of drizzle. Although it has been recognized that drizzle is
abundant and that it affects cloud microphysics, cloud morphology, and radiative processes,
as well as the stability of the STBL, drizzle has often been neglected or treated marginally by
the modeling community. Therefore the question of how these effects relate and how drizzle
interacts with other processes acting in the STBL is still open.

Studies that focus on the influence of drizzle emerged after the in situ measurements
showed that drizzle is abundant and that the drizzle flux can be comparable to the tur-
bulent fluxes of liquid water (Brost et al., 1982; Nicholls, 1984). For instance, Paluch and
Lenschow (1991) invoked drizzle in explaining Sc-to-trade-Cu transition, whereas Ackerman

et al. (1993) related drizzle to the dissipation of Sc through the collapse of the STBL. Further-
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more, Pincus and Baker (1994) argued that drizzle restricts the depth of Sc, while Stevens
et al. (1998) showed that in the presence of drizzle Sc transform into Cu, but without an
increase in the boundary-layer depth that is characteristic for a trade-Cu boundary layers.
In addition to the different effects, each of these studies also offered different mechanisms
through which drizzle acts upon the STBL.

A conceptual model of the drizzle-induced cloud transformation developed by Paluch and
Lenschow (1991) implies that drizzle interacts with the STBL turbulence mainly by stabilizing
the subcloud layer through moistening and cooling, and that further development of trade
Cu is a consequence of the surface heating. Their study is based on in situ measurements,
and thus would benefit from further studies using the experiments with controlled conditions,
where the role of individual processes can be isolated.

The drizzle-related Sc dissipation proposed by Ackerman et al. (1993) involves the driz-
zle interaction with the cloud microphysical, and subsequently radiative, properties, which
causes the stabilization of the cloud layer. By stabilizing the cloud layer, as Ackerman et al.
(1993) argue, drizzle allows the subsiding air to push the capping inversion downward, leading
to the collapse of the STBL. However, although Ackerman et al. (1993) used a very sophisti-
cated cloud microphysical model, the dynamics of the STBL in their study was represented
by a 1D turbulent closure model that does not resolve the dynamics of the boundary layer,
and hence invites for further study using a model that would allow full development of the
dynamics.

The drizzle-induced decrease of the cloud depth is argued by Pincus and Baker (1994) to
be due to the decrease of the cloud-top height. As they argue, by affecting the energy bud-
get drizzle reduces the entrainment rate and the STBL height. In their study Pincus and
Baker (1994) used a mixed-layer model, which provides considerable insights, but also has
some limitations. For instance the entrainment parameterization is still a topic of an ongoing
research, and MLM results are sensitive to the choice of the entrainment parameterization
(Stevens, 2002). Pincus and Baker (1994) used one of the 'flux limiting’ schemes, and there-
fore prevented the model from developing the decoupled state, without understanding if it
might happen in the nature. Nevertheless, their result that the cloud albedo susceptibility is
affected by the propensity of cloud to drizzle is in agreement with observations, which leaves
this problem open for further study, preferably including the full 3D STBL dynamics.

The drizzle-caused transition from Sc to Cu is shown by Stevens et al. (1998) to be mainly

13



through the stabilizing effect of drizzle on the buoyancy flux. In their LES study Stevens et al.
(1998) showed that, in addition to the cooling and moistening of the subcloud layer, drizzle
significantly increases the buoyancy of the downdrafts within the cloud layer. Because this
stabilizing effect on downdrafts is apparent only if the level of saturation of the parcels within
the downdrafts is above the cloud base, they named it ‘potential buoyancy’. Their result can
also be interpreted as the decoupling, since the increase of the downdraft buoyancy suggests
the decrease of the buoyancy flux below the mean cloud base. However, the question of the
relative contribution of processes within the cloud versus subcloud layer remains open, as does
the question of whether decoupling theory can be used to explain the results of the simulation.

A recent observational study of vanZanten et al. (2004) confirmed the consistency of the
theoretical studies with the observations regarding the drizzle-induced cloud transformation.
Their analysis of in situ and radar data showed that drizzle is prevalent, and that the heat flux
equivalent to the drizzle rate is comparable to the cloud-top radiative forcing. Furthermore,
vanZanten et al. (2004) observed that the time scale for drizzling regions is at least an hour,
and that relatively rare, but intense, drizzle events contribute disproportionately to the overall
distribution. Therefore they concluded that the observations imply that the greater the value
of the mean drizzle rate, the more likely it is that drizzle covers small spatial areas, which is
consistent with the idea of drizzle-induced cloud transformation.

An underlying idea of these studies is that drizzle can cause the decoupling of the well-
mixed STBL, since drizzle represents an additional forcing of the STBL energetics. In the
mixed-layer framework, the sum of the diabatic and turbulent fluxes of conserved quantities
has a linear profile. Therefore, a presence of drizzle alters the turbulent buoyancy flux profile,
through the effect on both 6; and ¢; turbulent fluxes. In addition to the positive jump in the
buoyancy flux profile at cloud base, a region of buoyancy consumption of turbulence kinetic
energy develops at the top of the subcloud layer (similar to Fig. 6). In other words, drizzle
forces the STBL to do work to mix cloudy parcels downward and clear air upward so as to
maintain a well mixed state. Decoupling is thought to occur when the necessary amount of
work exceeds the amount that the STBL can provide.

These studies seem to disagree regarding the final effect of the drizzle-induced decoupling.
Paluch and Lenschow (1991), Stevens et al. (1998) and vanZanten et al. (2004) argue for the
cloud transformation, whereas Pincus and Baker (1994) and Ackerman et al. (1993) for cloud

thinning and destruction. However, one could argue that the resulting arguments of the Acker-
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man et al. (1993) and Pincus and Baker (1994) studies can be due to the misinterpretation of
the models with highly parameterized dynamics. Another study that supports the decoupling
of the STBL leading to Cu formation is the study of Wang and Wang (1994). They argue that
the moistening and cooling of subcloud layer is the most important effect, and that drizzle
does not significantly reduce cloud liquid water content. Although they also used a 1D model,
they could better discuss the distribution of the variables in addition to their mean values
because they used a third order turbulence closure. Nevertheless, they could not reproduce
‘heavy’ drizzle, and the conclusions they made are for the ‘weakly-drizzling’” STBL.

As Turton and Nicholls (1987) and Bretherton and Wyant (1997) showed that the cloud
warming due to solar radiation and an increase in the SST can cause the decoupling of
the STBL, we would like to see if drizzle can be a source of decoupling as well. The above
studies support the drizzle-induced decoupling, but the open questions are whether there is
a threshold in the drizzle rate needed for the decoupling to occur, and if there is, how the
other forcings influence this threshold. Furthermore, what particular aspect of drizzle induces
the decoupling? Although the mixed layer theory and associated bulk energetics provide a
framework for answering these questions, the LESs provide a way to check the theoretical
predictions. Another question is the spatial distribution of drizzle. Is there a minimum area of
drizzling STBL for decoupling? Furthermore, does the drizzling-induced decoupling contain
the mechanism to spread out, or does it just get advected by the mean wind, or does the
STBL have a mechanism to fill in the cloud layer that gets decoupled from the subcloud layer

due to the effect of drizzle? These are the questions that we would like to address.

2.5 POGCs

Compact regions of lower albedo embedded in the otherwise strongly reflecting Sc decks, seen
on Figs. 1 and 2, namely POCs, are not just curious features that intrigue our imagination.
Their appearance reduces the area coverage of Sc, and therefore reduces the cooling effect of
Sc in the Earth radiative budget. Furthermore, as they seem to exist in the environmental
conditions that are relatively similar to those that favor Sc, their appearance encourages
asking what particular STBL attribute determines the cloud regime that develops. One could
even ask if anthropogenic effects on atmospheric aerosol can play any role in their formation.

POCs were observed as soon as satellite imagery emerged, but there are no theoretical

studies of them. The only study so far that addresses them by using the combination of the
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satellite, radar and in situ data is Stevens et al. (2004), which described them as spatially-
compact, cellular-patterned, low-reflectivity regions embedded in the otherwise stratiform
cloud fields. These observations suggest that drizzling areas of the sampled STBL are coin-
ciding with the cell walls in the POCs, which invites theoretical study of the drizzling STBL
using the models with domains large enough to allow the formation of POCs.

In addition to the visible images, POCs can also be detected from nocturnal satellite
imagery by locating the small values of the difference between the 11 and 4 pm brightness
temperature, which allows for the continuous detection of the evolution of POCs. Stevens
et al. (2004) observed that POCs are coherent, long-lived (longer than 10 h) and advected
by the mean boundary layer wind. Radar reflectivities and in situ data imply that the pre-
cipitation in the sampled STBL is localized in the walls of the open cellular convection and
that the drizzle rate at the surface exceeds more than twice the surface evaporation, while
the drizzle rate at the cloud base is twice to three times larger than the surface values. As
this much precipitation can completely dry out the cloud in about 10 min, if not replenished,
Stevens et al. (2004) concluded that POCs represent stable flow configurations that organize
to maintain the moisture supply to the precipitating cell boundaries. However, a question of
what makes them so long-lived, and self-sustaining remains open.

Another intriguing question that emerges from the Stevens et al. (2004) study is the air
humidity in the vicinity of POCs. In situ data suggest that both the boundary layer and the
free tropospheric air are moister in the vicinity of POCs. In the proposed study we cannot
explore the source of the difference in the environmental conditions, but we would like to
address its effect onto the STBL and look for the possible link between the surface and free

tropospheric moisture.

3 LES

To conduct a comprehensive study of the interaction of drizzle with turbulence in the STBL
one needs to employ a tool that fully resolves the flow characteristics in all three spatial
dimensions, as well as in time. LES is thought to be a method that satisfies these requirements,
because it resolves the energetics of the largest eddies in the flow, which are responsible for
most of the transport of momentum, energy and mass. An example of successful application of
LES is the Stevens et al. (1998) study, which suggested the drizzle-induced transition from Sc-

to Cu-type dynamics. However, to expand our understanding of the necessary conditions and
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the mechanism of the transition, as well as the newly developed structures, there is a need
to carry on with the implementation of the LES in the new studies. For instance, domain
size needs to be increased to allow development of POCs, as the observations suggest a link
between drizzle and POCs (Stevens et al., 2004). The increase in the domain size raises new
questions; e.g., one has to develop ways for compensating between the increased computation
time and need to have fine enough resolution to resolve the eddies that are in the inertial
range, where the energy is only transported to the smaller, dissipation, scales.

LES solves the equations that describe the motion and the thermodynamic state of the
fluid, as well as the evolution of the scalars of interest, on the scales larger than its grid-cell
size. The equations for the fields resolved in the LES are derived by applying a low-pass filter
to the original equation. The sub-filter scale (SFS) terms in these equations represent the
effects of smaller scales onto the larger — that being the removal of energy — and they are
either mimicked by using numerical schemes with sufficient numerical diffusion or damping,
or accounted for by explicitly introducing physical assumptions, namely making SF'S closures.

The particular LES that will be used in this study is the UCLA LES. Initially it will be
used as a black box, with the exception of the implementation of the drizzle parameterization.
However, in the course of the study, some additional improvement will occur when necessary.
The UCLA LES solves the Ogura-Phillips anelastic equations that exclude sound waves, but
represent all other types of motion in the atmosphere. In particular, it solves for the three

components of velocity, @;, liquid-water potential temperature, 6;, and total-water mixing

ratio, q;: -
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which follows from the momentum and continuity (M = 0) equations. As discussed before,

Ox;
0, = af; + B0yq is virtual potential temperature that characterizes the buoyancy, where

coefficients « and (3 take different values for saturated and unsaturated air. The reference
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state, given by (po, 0o, po, g, vg), is chosen to be in hydrostatic and geostrophic balances and
to satisfy the ideal gas law for a dry atmosphere. Superscript ” denotes the thermodynamic

perturbations from the reference state. The sub-filter scale contributions to the momentum

(1i; = v Sij), liquid-water potential temperature (y; = Py g%;) and total-water mixing

ratio (v; = P iy %) are parameterized in a manner described below. Diabatic fluxes Fp, and
J

F,, will be parameterized as well. Simple models for radiation and drizzle will be introduced
to reduce the computational costs and allow for the large computational domain. Diabatic

fluxes will then be calculated from the radiative and drizzle fluxes, F). and Fy respectively, as:

aF@l — OF; _ £@% (11)
0z 0z ¢, T 0z

and F,, = Fy.

To parameterize radiative forcing, a simple model of the net long-wave radiative flux will
be used, which has been developed by Stevens et al. (2004) who showed that the model
reasonably approximates radiative fluxes calculated by the J-four stream radiative-transfer
code developed by Fu and Liou (1993), which is computationally more expensive. It is a
diagnostic model in which the three terms represent the effects of cloud top cooling, cloud

base warming, and cooling in the free troposphere just above the cloud top:

4/3

F.(x,y,z,t) = Fpe Q=) 4 pe=@02) 4 picpDar, [( 1

where )
Q(a,b) = /@/ pqrdz. (13)

Also, p; is the air density just below cloud top, D is the large scale divergence, and Fy, F1, o,
and k are the tuning parameters, adjusted so the simple model fits the profile from the full
model for a given initial state. The horizontal and temporal dependence of F,. follows from
the spatio-temporal variability in both ¢ and z; (inversion height).

To parameterize drizzle, another simple model will be implemented. This model is prog-
nostic, but simple enough to have a minimal contribution to the computational expenses. In
the model, a drizzle rate, R, which is proportional to the drizzle flux, Fy, by a factor of 1072,
is relaxed over some time 7 to the equilibrium profile R.,:

DR Reg— R
Dt T ’

(14)

18



where % = % + ﬁia%i' The equilibrium drizzle rate can be represented by the shape function

f(z) that follows Stevens et al. (1998), and a value at the cloud base Req|.=z,:

Req = Req’z:zb f(z)v (15)

where Rgq|.—,, can be estimated from the empirical relation that is motivated by the obser-

vations analyzed by vanZanten et al. (2004):

H3
Req|z:zb - A W (16)

Here, A is the proportionality coefficient, H is the cloud depth and N is the cloud droplet
number concentration. The proportionality coefficient depends on the time scale over which
the relaxation occurs. The shorter the time scale the higher the value of A. Cloud depth can
be diagnosed from the LES results, while the cloud droplet number can be assumed to be
equal to the number of condensation nuclei, which will be prescribed.

We would like to stress that this drizzle parameterization is new and that in the case of it
beeing too simplistic we plan to use other parameterizations that are relatively simple and have
been shown to be successful, such as the bulk parameterization developed by Khairoutdinov
(1998).

Sub-filter fluxes are modeled using the Smagorinsky-Lilly model, which is an eddy viscosity
model that includes the effects of the stabilization by modifying the mixing length scale. In
the model, the eddy viscosity, vy, is assumed to be proportional to the mixing length scale

and to the characteristic turbulent velocity, which is estimated from the local strain rate, ;;:

/ _ 1
Vy = 1(2] 1-— PT IRZ‘ (2Sij5k15ik6jl) . (17)

Here [y is an isotropic mixing length scale, P is an eddy Prandtl number specified to be %,
R; is a gradient Richardson number and S;; is in the traceless form:

. ou; 81_Lj 1 _ Ouy
5= 5r, + e~ 390 (18)

Because it has been shown that the LES is sensitive to the SFS representation at the
inversion interface (Stevens et al., 2004), this problem will be explored by either turning off
the parameterization, or tuning its stability threshold.

The solver uses finite differences on a regular-horizontal and stretched-vertical mesh. We

propose studies based on the horizontal spacing of 50 m in both directions, and the vertical

19



spacing of 10 m near the surface and refined above (10% per layer) to obtain a fixed 5 m
spacing about the inversion, above which the grid is stretched again. We will explore a variety
of domain sizes, including those that allow for the organization of convection in more than
one open cell. The code has recently been configured for the large horizontal domain sizes and
a computation of 700x700x 131 point mesh has been performed with a 70 m horizontal grid
spacing, i.e., 50 km scale, which is substantially larger than in the Stevens et al. (1998) study.
The top of the domain is at 1470 m, and a sponge layer, that prevents the spurious influence
of the upper boundary, occupies the upper five levels. The side boundary conditions are cyclic,
while the bottom surface has prescribed SST from which the surface fluxes are calculated.
The momentum terms are time-stepped using a leap-frog scheme with an Asselin filter for the
damping of the computational mode. Momentum advection is computed using fourth-order
centered differences. Scalar terms are time-stepped using a forward scheme staggered with
respect to the time-levels of the momentum terms, so that the advecting winds correspond
to the mid-point times. Scalar advection is TVD (total variation diminishing) and uses the
MC flux-limiters. The code is parallelized using MPI with a 1D decomposition. The initial
calculations with the small domain will be performed on the Intel Pentium 4, CPU 2 GHz,
while the calculations with the large domain will be performed on many processors of an

IBM-SP4.

4 Work Plan

As the current literature suggests that drizzle induces a change of the circulation into the
Cu-type, we would like to explore what about drizzle is critical to dynamic evolution. We
propose to use an LES with a domain large enough to capture the development of several Cu.
That would provide the unbiased statistics (which might have been the limitation in Stevens
et al., 1998), and also the possibility for the development of the open cell circulation. The

study will be based on numerous LESs, which will be described in this section.

4.1 LES validation

The environmental forcing and initial conditions in this study will be initially based on the
results of the analysis of the observations from the second research flight (RF02) of DYCOMS-
IT. These data are being analyzed by M. C. van Zanten and B. Stevens and will also be used
as the basis for the eighth GCSS LES intercomparison. GCSS stands for GEWEX (Global
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Energy and Water Cycle Experiment) Cloud System Studies, and the GCSS Boundary Layer
Cloud working group aims to improve physical parameterizations of clouds, other boundary
layer processes, and their interactions. Previous intercomparison studies have examined many
aspects of cloud topped boundary layers including the nocturnal non-precipitating STBL
(Stevens et al., 2004). The eighth LES intercomparison explore drizzling nocturnal STBL,
and we plan to participate.

The control experiment in this study will be the simulation of the non-drizzling STBL. This
will be performed by simply excluding the drizzle parameterization and therefore preventing
drizzle formation. The horizontal distribution of the environmental conditions will be uniform.
From the control experiment we will learn about the profiles and horizontal distribution of
the thermodynamic variables and vertical velocity, as well as their fluxes and higher order
statistics. We expect that these will show a well mixed STBL with homogeneous distribution
of up- and downdrafts and with uniform cloud depth. These results will further be compared
with the drizzling cases.

The first drizzling case will also have horizontally uniform environmental conditions, but
will use a parameterized drizzle rate. We would like to use the simple drizzle parameteriza-
tion described in section 3, which provides the most easily controlled drizzle rate. With this
approach we would like to avoid expensive microphysical calculations and to concentrate on
the turbulent processes, which are important for the change in the circulation type. However,
if this approach proves too simplistic, we will explore the use of other bulk drizzle schemes,
for instance Khairoutdinov (1998).

The resulting profiles and horizontal distributions of the thermodynamic variables and
vertical velocity, as well as their fluxes and higher order statistics will be analyzed. This
analysis will provide information about the time and space scales present in the drizzling
STBL, which will be necessary for our further analysis discussed later. The observations
suggest that the temperature and moisture are anti-correlated on scales ~10 km (Paluch and
Lenschow, 1991), while the clouds persist for a much longer time than is needed for drizzle
to completely dry out the cloud (vanZanten et al., 2004). These together suggest a need for
analyzing the scales developed within the LES of drizzling STBL and a minimal domain size
required for the representation of the drizzling STBL.

The question of the vertical resolution and the representation of the SF'S processes will

also be addressed in these simulations. As the LES comparison study by Stevens et al. (2004)
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showed, the results vary depending on the SF'S parameterizations, especially at the inversion
interface, where they affect the mixing of the STBL air with the free-tropospheric air and
can cause spurious entrainment. We expect that this will be an issue in this study too, as the
stronger entrainment may reduce the cloud propensity to drizzle. Therefore, the initial phase

of the study will also include experiments that address these issues.

4.2 Drizzle

After establishing an optimal domain size we can investigate the effect drizzle has on the
STBL by comparing the drizzling with the control run. Based on the current literature, we
expect that the STBL will decouple as drizzle rates increase, preventing the profiles of 8; and
g; from being as well mixed as in the control run. Furthermore, the variance of the vertical
velocity can be expected to be smaller and with two local maxima — one within the cloud and
one in the subcloud layer. Another variable expected to be different is the skewness of the
vertical velocity, since the distribution of the up- and downdrafts would not be horizontally
homogeneous as in the control run. However, one could also expect that the drizzle does not
change the canonical view of the STBL as a well mixed layer. The result would depend on the
other forcings and on how much forcing drizzle provides. The mixed layer theory can provide
the estimate of the dependence of the drizzle rate decoupling threshold on the strength of the
other STBL forcings, while these simulations can provide a way to evaluate the theoretical
predictions. An additional interesting question would also be the sustainability of drizzle both
in the coupled and decoupled state.

These simulations will be a valuable contribution to the study of the Sc to trade-Cu
transition, as they will allow us to see if the cloud propensity to drizzle can be an additional
control factor for the transition, as is suggested by Bretherton and Wyant (1997), or if it can
be the cause of transition, as suggested by Paluch and Lenschow (1991).

With established drizzle rate decoupling threshold we can explore what particular aspect
of drizzle is critical for the change in the dynamics. The simulations that will address this
question will be run without the drizzle parameterization, but with the included additional
sources of the warming and drying that will mimic the drizzle effects. We would like to explore
the warming and drying effects separately, as well as in various combinations of their values
in the cloud and subcloud layer. We would use various profiles that would differ in the shape

to represent the peculiarity of the effects if the forcing is concentrated in particular sub-
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layers, or is spread over the whole STBL height. This could also resolve the question of the
importance of cloud warming/drying versus subcloud cooling/moistening. However, as drizzle
has nonuniform horizontal distribution, we would like to explore the importance of that aspect
of drizzle as well. The simulations that would address this question would have included the

above profiles only where the cloud depth exceeds some critical value.

4.3 POCs

Further in the study, we would like to explore the question related to the non-uniformity of the
environmental conditions, for instance by running the experiments with horizontally varying
large scale forcings (e.g., moisture content in the overlying free troposphere, that affects the
radiative forcings as well as the buoyancy jump at the inversion interface; SST that affects
the surface latent and sensible heat fluxes; and large-scale divergence that regulates the depth
of the STBL and therefore the cloud depth) and cloud propensity to drizzle. Each of these
variables will be changed in the individual experiments. The results of such experiments can
provide insight into the response of the drizzling STBL due non-uniformity of the environ-
mental conditions and we can learn if the drizzle can cause compact regions of open cells in
the otherwise homogeneous Sc decks. Furthermore, we can investigate whether POCs induce

large scale circulations that help maintain them.

5 Future Work

Recognizing the importance of Sc for climate and possible Sc effects on climate change (Slingo,
1990) there are attempts in our community to improve the representation of these clouds
in the GCMs (General Circulation Models). An example of a novel effort in this respect
is MMAP (Multi-scale Modeling of Atmospheric Processes, Randall et al., 2004). In this
approach, the idea of parameterizing the boundary layer processes is to implement numerous
coarse resolution (~100 m in the horizontal and ~25 m in the vertical) LESs or 2D ERMs
(Eddy Resolving Models) per GCM grid cells. In order to do such an implementation, there is
a need to evaluate the results of such coarse and 2D models. As the future work we would like
to participate in MMAP and study the representation of drizzle effects on the STBL in the
coarse LES and 2D ERM. More precisely, for the evaluation we would follow the approach of
Moeng et al. (2004) in comparing 3D LES and 2D ERM. The results from the proposed LES
study of the effects of drizzle on the STBL would be a basis for this future work, as there are
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no current results on this topic.

6 Timeline

In defining a timeline the governing idea is scheduling time for answering the questions we
have raised. I would like to graduate in Fall 2006 and we believe that these two years will
provide enough time to successfully complete the proposed project.

Prior to addressing the questions, we need to spend some time on learning how the model
works and comparing it with other similar models. Therefore we propose the initial phase of
the study to end in April 2005, when there is a meeting of GCSS 8 group. The sub-phases will
include: learning about the UCLA LES; running non-drizzling LESs on variety of domains to
benchmark them on RF01; implementing drizzle parameterizations; running drizzling LESs
on variety of domains to benchmark them on RF02 and to establish the minimal scale for the
representation of drizzle in the LES.

The second phase is proposed to last from April till October 2005. In this period we
would like to explore the environmental conditions that lead to the decoupling and also what
particular aspect of drizzle is critical for the dynamics evolution. The LES would be run with
drizzle parameterization on a domain size established in the first phase to check the mixed-
layer theory predictions about the circulation change. For the decoupling runs, we would like
to explore what about drizzle induces the decoupling by removing the drizzle parameterization
and implementing the variety of heating and moistening profiles. Furthermore, the importance
of the non-uniformity of the drizzle onto the dynamics would be explored by applying the
heating and moistening profiles horizontally uniform over the whole domain, and including
the dependence on the cloud depth.

The third phase would explore the non-homogeneity in the environmental conditions and
the ability of POCs to maintain themselves. In this phase the LESs will be on the large
horizontal domain (at least 20x20 km?), and we propose that this phase lasts from October
2005 till April 2006.

Depending on the progress, we would like to participate in the MMAP and explore the
drizzle representation in coarse LESs and 2D ERMs. We expect that from April 2006 till
October 2006 we will be able to do that part of the study. However, we also leave the possibility
that this part of the project exceeds designated time for the graduation, in which case it could

form the basis of a proposal for post graduate work.
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