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ABSTRACT: Stratocumulus clouds occurring over eastern subtropical ocean basins dominate
climatological cloudiness at low latitudes and are important for Earth’s global radiative energy
budget. Further west, there is an observed transition to scattered cumulus cloud cover, the so-
called stratocumulus-cumulus transition (SCT), which is controlled by changing large-scale mete-
orological conditions. To explore the mechanisms driving the SCT, we present an extension of the
traditional bulk boundary layer model (bulk model) for stratocumulus-topped boundary layers that
explicitly considers cloud decoupling from the surface and subsequent cloud fraction reduction.
By forcing our bulk model with boundary conditions from ERAS reanalysis, we are able to quan-
titatively capture the climatological SCT. We compare the modeled SCT to satellite observations
across transects of the eastern Pacific and show good agreement. The bulk model highlights the
importance of surface temperature variations across the transect for controlling the SCT. We also
use the bulk model to explore the sensitivity of low clouds to changing meteorological factors and

show how this sensitivity is nonlinear and depends on cloud regime.
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SIGNIFICANCE STATEMENT: The purpose of this study, and the companion paper Singer
and Schneider (2023), is to develop a simple model to explain mechanisms controlling
stratocumulus-cumulus transitions. In this first work, we describe the bulk model in cases
with prescribed boundary conditions. We validate its relevance by showing how its predic-
tions of stratocumulus-cumulus transitions across the subtropical eastern Pacific ocean basin
compares to observations from satellites. We use the simple model to explore how boundary
layer clouds are sensitive to different large-scale environmental factors and show how this

sensitivity is nonlinear, depending on cloud regime.

1. Introduction

Stratocumulus clouds cover about 20% of tropical oceans in the annual-mean (Wood 2012;
Cesana et al. 2019). They are only a few hundred meters thick, yet because of their large areal
coverage, are an important regulator of Earth’s radiative energy balance: by scattering sunlight,
stratocumulus cool Earth by about 8 K in the global mean (Randall et al. 1984; Schneider et al.
2019). Stratocumulus cloud decks are especially common over eastern subtropical ocean basins, off
the west coasts of continents, for example, near California, Peru, and Namibia, where sea surface
temperatures (SSTs) are low, subsidence is strong, and there exists a strong temperature inversion
at the top of the boundary layer (Klein et al. 1993; Zhang et al. 2009; Eastman et al. 2011; Chung
and Teixeira 2012; Myers and Norris 2013; Bretherton and Blossey 2014).

Uniquely among clouds, stratocumulus clouds are sustained by an upside-down convective
circulation that is driven by cloud-top longwave radiative cooling rather than surface heating.
The longwave cooling arises because stratocumulus clouds, despite their geometric thinness, are
relatively opaque to longwave radiation (Lilly 1968; Bretherton and Wyant 1997; Stevens 2006;
Bellon and Geoffroy 2016; Schneider et al. 2019). Radiative cooling at the cloud tops drives the
turbulent convective circulations, which are also associated with turbulent entrainment of free-
tropospheric warm and dry air across the cloud top. Stratocumulus clouds exist in a delicate
balance between radiative cooling at the cloud tops and warming by turbulent entrainment, on the
one hand, and evaporative moistening from the surface and drying by cloud-top entrainment, on

the other hand. Additionally, subsidence above the clouds works against the deepening of the cloud
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layer that otherwise results from entrainment of free-tropospheric air into the cloudy boundary
layer.

Meteorological factors on which cloud cover depends, commonly termed ‘“cloud controlling
factors” (CCFs) (Stevens and Brenguier 2009; Siebesma et al. 2009; Bretherton 2015), include SST,
subsidence strength, the strength of the temperature inversion above the clouds (measured by either
lower-tropospheric stability, LTS, or estimated inversion strength, EIS), horizontal temperature or
moisture advection, wind speed, and more. A more appropriate term may be “cloud correlated
factors” because the causality—whether the meteorological properties determine the clouds, or
vice versa—is not always definitive. CCFs have been the focus of many previous studies (e.g.,
Klein et al. 1993; Stevens and Brenguier 2009; Qu et al. 2014; Klein et al. 2017).

An important test of CCFs has been the observed stratocumulus-cumulus transition (SCT). SCT
describes the observed phenomenon of stratocumulus clouds dominating subtropical cloud cover
just off the west coasts of continents, and the cloud cover transitioning to a state that is dominated
by scattered cumulus clouds farther west, over higher SSTs and under weaker subsidence. The
accepted explanation is that as the subsidence weakens, the boundary layer deepens to the point
where it becomes no longer well-mixed and the clouds decouple from their surface moisture source
(Bretherton and Wyant 1997). The SCT has been studied using theory (Wyant et al. 1997), high-
resolution models (de Roode et al. 2016; McGibbon and Bretherton 2017; Yamaguchi et al. 2017;
Neggers et al. 2017), satellite observations (Sandu et al. 2010; Chung and Teixeira 2012), and
numerous field campaigns, such as ASTEX (Albrecht et al. 1995), GPCI (Teixeira et al. 2011),
MAGIC (Kalmus et al. 2014), and CSET (Bretherton et al. 2019). However, it remains unclear to
what extent correlations between cloud cover and CCFs in the present climate, for example, across
the SCT, are informative about the climate response of clouds. For example, while a strengthened
inversion in the present climate is associated with increased cloud cover (Klein et al. 1993), the
relation may be reversed when considering the response to global warming (Lauer et al. 2010).

In this paper, we present a new bulk boundary layer model (bulk model) for a stratocumulus-
topped boundary layer. Building from standard bulk models for the atmospheric boundary layer,
we add a prognostic equation for cloud fraction, which allows the model to make quantitative

predictions of the state of the cloudy boundary layer after the point of decoupling, when the cloud
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fraction is less than 100%. The model is validated against observations in this paper, and against
high-resolution large-eddy simulations (LES) in a companion paper (Singer and Schneider 2023).

The paper is organized as follows: Section 2 describes the bulk model. Section 3 introduces
the data sources used as boundary conditions for the model and against which the results are
compared. Section 4a explores sensitivities of the bulk model to idealized perturbations of boundary
conditions. Section 4b compares results from the bulk model forced with reanalysis data to satellite
observations of shallow clouds in the eastern Pacific. Section 5 has discussion of the assumptions

in the model and key limitations. Section 6 summarizes the conclusions.

2. Bulk boundary layer model description

The general class of bulk boundary layer models describe the planetary boundary layer in terms
of “bulk™ or vertically-averaged quantities (Stevens 2006). The boundary layer extends up to a
level, coincident with a temperature inversion and the cloud top in stratocumulus regions, whose
altitude we denote as z; (Figure 1). After vertical integration, the continuity equation simplifies
to an equation for this boundary layer depth, where z; increases due to entrainment mixing and
decreases from subsidence suppression.

We formulate the bulk model in terms of liquid water static energy s = c,T +gz— L,g, and
total water specific humidity g, = g, + g¢. These two thermodynamic quantities (referred to with
generality as i) are (approximately) conserved under adiabatic motions of a moist air parcel.
Their temporal evolution is governed by budget equations that describe a balance between diabatic
source terms (AFy) and turbulent fluxes at the surface and across the inversion. The prognostic
equations for the thermodynamic variables are derived by integrating from the surface to the top

of the inversion layer z = z; to give the bulk value /. They have the form

A~

d
zid—‘f = VAgy +Welysy — AFy, (1)

where the A; terms represent discontinuous jumps in the quantity ¢ at the surface (0) and at the
inversion (+). The exchange velocity at the surface V is the product of surface wind speed (U)
and an effective drag coefficient (Cy), which we will assume is the same for all thermodynamic
quantities. Across the inversion, the exchange velocity is given by the entrainment velocity w,,

the form of which must be assumed and is discussed in Section 2b. To specify the surface and
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cross-inversion fluxes, a vertical structure of the boundary layer must be assumed so that the bulk
quantity ¢ can be related to the values just above the surface i (z = +¢) and just below the inversion
W (z = z; — €). The most common path forward is to make a well-mixed assumption where  (z) =/,
which simplifies the equation to

dy

G = V(WU + e~ 1)~ AF,. @

where y without a subscript denotes the vertically-uniform value and the subscripts 0 and + denote

the value at the surface and just above the inversion, respectively.

FiG. 1. Schematic of stratocumulus-topped boundary layer with representative profiles of thermodynamic
quantities shown. To determine g,(z) from the bulk model, a mixed-layer assumption is made, where the

thermodynamic quantities s and ¢, are assumed to be constant with height, as illustrated.

For the liquid static energy, there is a source term from radiation, namely the radiative cooling
AR coming from the cloud-top emitting upward longwave radiation. For moisture, we choose to
neglect the sink term that would come from precipitation. Under many conditions, stratocumulus
clouds have no precipitation or only very light drizzle, which justifies this assumption. In terms of
the thermodynamics, however, a precipitation sink would be easy to include in future work.

The bulk model predicts the boundary layer depth and bulk energy and moisture variables given
prescribed surface and above-cloud boundary conditions. These are often given as: above-cloud
horizontal divergence D (or subsidence velocity), above-cloud temperature and relative humidity,

which are used to calculate s, = ¢, Ty +gz; and q; + = RH, g (T}, 2;), cloud-top radiative cooling
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AR, and SST and near-surface relative humidity (RHp), which are used to calculate so = ¢,SST
and g, 0 = RHogst(SST,z =0).

We extend this model to include a prognostic cloud fraction (CF). Cloud fraction is relaxed
toward a diagnosed state, CF’, which depends on the state of decoupling in the boundary layer and
is explained in the following section.

In this form, with prescribed boundary conditions, our bulk model consists of a system of four

coupled ordinary differential equations:

dz
d_l‘l =W, —DZzi+Wyent (3a)
ds 1
il [V(so—5)+We(s4—5) —AR] +Sexp (3b)
<i
d(]z _ 1
T [V(gr0=a0) +we(qrs— a0 ] +qrexp (e
F F' —CF
dCF _CF-C . (3d)
dt TCF

In Eq. (3a), D is assumed constant, so —Dz; is the subsidence velocity at the cloud-top, and
Wrent 18 an additional additive entrainment term used to parameterize ventilation and mixing from
overshooting cumulus convective thermals. Equations (3b) and (3c) are the prognostic equations
for liquid water static energy and specific humidity following from (2). In (3b), the diabatic sink
term is written as AR, which is the cloud-top radiative cooling per unit density (units of W mkg™").
In (3¢), no source term appears because precipitation is neglected. In (3b) and (3c¢), the export terms
(subscript exp) are there to represent the effect of large-scale dynamics (synoptic eddies and Hadley
circulation) transporting energy and moisture laterally out of the model domain into other regions.
We use the same specification as in Schneider et al. (2019) with sexp = ¢, (=1.2) J kg~! day~! and
Grexp = (—6X107*) (g5t (SST) /gat (290 K)) day™".

a. Predicted cloud fraction

Cloud fraction is relaxed to a diagnosed state CF’, which depends on the degree of decoupling
of the boundary layer. When topped with stratocumulus clouds, we take the boundary layer to
remain well-mixed and coupled to the ocean surface by an overturning circulation that is driven

by cloud-top longwave radiative cooling. In contrast to other cloud regimes, where clouds are
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formed from buoyant thermals driven by surface heating, the circulation in stratocumulus clouds
is upside-down (Randall 1980). In order for the radiative cooling to keep the boundary layer
well-mixed, the buoyancy anomalies created must be large enough for parcels to travel through the
stably stratified cloud layer. The subcloud layer is neutrally stratified, but the cloud layer, due to
latent heat release during condensation, acts as a barrier to parcels from above as they sink toward
the surface. In the event where the stratification is too large compared to the radiative cooling,
parcels sinking from the cloud-top will not reach the surface, and the cloud effectively becomes
disconnected from its moisture supply at the ocean surface. This behavior is termed “decoupling”
(Bretherton and Wyant 1997). We can diagnose boundary layer decoupling by considering the
competition between cloud-top radiative cooling and surface latent heat fluxes. We introduce the

decoupling parameter & from Bretherton and Wyant (1997),

_ (LHF) (zi -2
2= (ar (57 @

When 9 < 1, the boundary layer remains coupled; when & > 1, the boundary layer is decoupled.

We parameterize the cloud fraction, based on ideas from Chung and Teixeira (2012) and ob-
servations of monthly mean climatological cloudiness, as a logistic function with a maximum of

CF,1ax = 80% cloud cover and minimum of CF,;, = 10%,

CFmax - CFmin

CF = CFypux — ,
"1+ lexp(-m(2 - 2.))

S

with cloud fraction smoothly varying on the nondimensional scale m. The cloud fraction is 90%
depleted when the critical decoupling threshold 9. = 1 is reached. The scale m determines the
strength of the nonlinearity, but results are not strongly sensitive to m. We choose m = 8, which
agrees well with monthly-mean observations of cloud cover (Figure 2).

The prognostic equation for cloud fraction, Eq. (3d), is a linear relaxation of the state CF(9),
on a timescale 7cr = 2 days. The timescale for the relaxation here is arbitrary, since this model is

used only to predict steady-state solutions; timescales are discussed further in Section 4.
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FiG. 2. Scatter plot of observations of monthly-mean cloud fraction from CASCCAD (Cesana et al. 2019)
against decoupling parameter &. LHF is taken from ERAS reanalysis, and observations of cloud-top radiative
cooling from Zheng et al. (2021). We assumed a fixed (z; — zp)/z; = 0.4. The red line shows the analytical form

of cloud fraction predicted from Eq. 5 with m = 8.

One aspect that is neglected here, due to our previous assumption not to include precipitation
in the moisture budget, is that we do not consider the possibility of drizzle-induced stratocumulus
breakup (Yamaguchi et al. 2017; Uchida et al. 2010; Stevens et al. 2005; Geoftroy et al. 2008;
Prabhakaran et al.). Precipitation can deplete the cloud layer of moisture through a different
mechanism than the cloud-top cooling route captured by decoupling parameter, and lead to cloud

fraction reduction while & < 1. This could be explored in future work.

b. Entrainment closure

To close the system of equations, we must specify the entrainment velocity. We parameterize it
here such that entrainment mixing balances radiative cooling in the steady state: an “energy-balance
entrainment” closure (Bretherton and Wyant 1997). The entrainment velocity is proportional to

the radiative cooling and inversely proportional to the buoyancy jump across the inversion

Wp = A—R (6)

Sy+ =Sy

We write this with the virtual liquid static energy s, = ¢, T, + gz — L,q¢ which accounts for the

buoyancy effects of water vapor through the virtual temperature 7, = (R,,,/R4)T .
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An additional additive entrainment term, wyeny, is introduced which depends on the cloud fraction.
The physical idea is that in a cumulus state, buoyant plumes will overshoot z; and lead to additional

entrainment or ventilation and growth of the boundary layer. This is modeled as

CFpax — CF
) (7

Wyent = (vent (
CFmax - CFmin

where yen = 1.69 mm s~!. This parameter value was selected as described in Singer and Schneider

(2023) to best fit the LES results from Schneider et al. (2019).

c. Cloud-top cooling closure

Rather than specifying the cloud-top cooling directly as an independent boundary condition, we
parameterize the radiative cooling as a function of the longwave absorbers in the free-troposphere
above the cloud (CO, and H,0). Conceptually, higher concentrations of absorbers will decrease
the cloud-top cooling because the atmosphere will be optically thicker in the infrared, and the
downwelling longwave radiation hitting the cloud-top will be coming from closer levels, or higher
temperatures, reducing the net upward longwave flux. Mathematically, we can write the cloud-top
radiative cooling term as the difference between the upwelling radiation emitted from the cloud
top and the downwelling radiation emitted back from the atmosphere. The upwelling radiation is
emitted at the cloud top temperature 7;,;, while the downwelling radiation comes from a temperature

T.; — AT,. The cloud-top radiative cooling then is
AR =CF-e.0r (T;‘, (T, - ATe)4) , @®)

where €. = 0.9 is the cloud emissivity. The cloud emissivity is assumed constant, which is
reasonable given large enough liquid water paths as the longwave emission tends to saturate around
20 g m~2 (Petters et al. 2012). We then parameterize AT,, which depends on the optical thickness

of the atmosphere above the cloud top, or the concentrations of CO; and H,O as,

ATe =ap+a ln(COz) +aj ln(qt,+). (9)

10
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We fit the parameters ag = —10.1 K, a; = 3.1 K, and a; = 5.3 K based on the radiative transfer
model (RRTMG) in the LES simulations presented in Schneider et al. (2019) (see Fig. 3).

AT [K]

A Schneider et al. (2019)
ATe, Eq. 9

200 400 600 800 1000 1200 1400 1600 2 3 4 5 6 7 8
CO2 [ppmv] qe+ [g kg1
FiG. 3. Difference between cloud-top temperature and effective downwelling emission temperature (AT, ) fit
to LES from Schneider et al. (2019). Shown with AT, plotted against (a) the CO, concentration and (b) the

above-cloud specific humidity g, .. Upward (downward) pointing triangle markers are LES experiments with

increasing (decreasing) CO;.

Purely for diagnostic purposes, we introduce a well-mixed assumption, with s(z) and ¢,(z)
constant within the boundary layer, to diagnose the liquid water in the cloud layer (as shown in

Figure 1). The liquid water specific humidity is diagnosed as the excess above saturation,

Ry Psat(T(2))
qe(z) =q; - ,

Ry \p(2) — psa(T(2))

with the saturation vapor pressure (Romps 2008)
Lo( 1 1
psat(z) =eoexp | —— [ = —=|]-

3. Observational data for comparison and model validation

We use monthly observations of low-cloud cover (CF) from the CASCCAD dataset, which is a
combined product using Cloudsat and CALIPSO (Cesana et al. 2019). The CASSCAD algorithm

separates observed clouds by cloud type, but here we use the total “low” cloud cover product. The

11
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CASSCAD product has monthly mean cloud fraction observations from January 2007 to December
2016.

The monthly climatological observations of cloud-top radiative fluxes come from Zheng et al.
(2019, 2021). This is a combined product using observations from MODIS, NCEP reanalysis, and
the Santa Barbara DISORT Atmospheric RTM.

All other “observations” are from ERAS reanalysis (Hersbach et al. 2020); we use the same 10-
year period of the CASSCAD observations. To obtain the fields used as boundary conditions to the
bulk model (shown in Figure 4), the following daily ERAS fields are used: sea surface temperature
(SST), 10-m horizontal winds, vertical velocity at 500 hPa, relative humidity at 500 hPa (RHs),
surface pressure, 2-m temperature, temperature at 700 hPa, and temperature at 850 hPa. Estimated
inversion strength (EIS) is calculated according to Wood and Bretherton (2006) (their Eq. 4).
Divergence at 500 hPa (Dsgg) is calculated from vertical velocity as in Tan et al. (2016), with an
assumed quadratic profile in pressure. Surface wind speed U is calculated from 10-m horizontal
velocity components as U = +/||u||2 +]|v]|2.

We use daily reanalysis data for NH summer (JJA). Observations are filtered to only include days
with mean subsidence across the North East Pacific (NEP) transect because the bulk model can
only be applied to regions of subsidence. The results are insensitive to exactly how this filtering is
done. Appendix 6 discusses this in more detail.

The monthly mean fields of SST, U, EIS, Dsop, RHsq9, and CF are shown in Figure 4. These
fields, the canonical CCFs, are the boundary conditions given as input to the bulk model, along
with the resulting cloud fraction, which is the output of the model. The red dotted line shows the
transect from the coast of California to near Hawaii analyzed throughout this study. Below each
map in Figure 4, the subplots show the climatological mean values of the CCFs along this transect

in summer (JJA) as well as their year-to-year standard deviations (shading).

12
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4. Results

The bulk model predicts the evolution of the cloudy boundary layer in addition to the steady-
state result. The timescale for convergence to the steady-state is set by the slowest timescale in
the problem. The thermodynamic variables ¢ evolve on a timescale 7, = z;/(V +w,), and the
boundary layer depth evolves on a timescale 7,, = D! (Bretherton et al. 2010; Jones et al. 2014).
Numerically, these timescales are on the order 7y, = 20 hours and 7, = 46 hours. We introduce
here a fourth equation for cloud fraction with a specified timescale 7cp = 2 days, which is longer
than these others, such that cloud fraction responds to changes in the boundary layer properties,
without introducing large positive feedbacks that lead to oscillations in the system. Because the
cloud fraction timescale is somewhat arbitrary, and because all timescales are longer than a diurnal
cycle, yet we do not include variable diurnal forcing, the model is only used to examine steady-state
results and does not give realistic information about the temporal evolution of the boundary layer.
Furthermore, we neglect synoptic-scale variability, as well as realistic Lagrangian trajectories that
would change boundary conditions on the order of days. The steady-state behavior gives useful
insight into mechanisms controlling climatological cloudiness, but it does not provide realistic

predictions of individual trajectories.

a. Idealized linear response to perturbations

The bulk model solution is dependent on all boundary conditions, or CCFs, though to some more
strongly than to others. Figure 5 shows the steady-state results of cloud fraction and in-cloud LWP
predicted by the bulk model for a variety of conditions. Each subplot shows perturbations of just
one boundary condition while the rest remain fixed; included are the five meteorological boundary
conditions from Figure 4 and CO,. Perturbations are applied to two idealized states: a high-cloud
fraction stratocumulus (Sc) state (solid lines), and a low-cloud fraction cumulus (Cu) state (dotted

lines). SST (290 vs. 295 K) and IS (12 vs. 6 K) are used to distinguish between these two regimes.

14
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varied are: (a) SST, (b) surface wind speed U, (c) inversion strength (IS, the actual inversion prescribed in the

bulk model), (d) large-scale horizontal divergence D, (e) above-cloud relative humidity RH., and (f) CO,.

For perturbations about the stratocumulus state (solid lines), cloud fraction is relatively fixed
at the maximum value (80%), except at the warmest SSTs when cloud fraction starts to drop off
(Fig. 5a). The response of in-cloud liquid water path (LWP) is positive for SST, wind speed, above-

cloud humidity, and inversion strength and negative for subsidence and CO,. While the boundary
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layer remains in the coupled state, higher SSTs and stronger winds lead to greater LHFs which
increase cloud moisture; a more humid free-troposphere and stronger inversion reduce entrainment
drying and increase LWP. On the other hand, stronger subsidence shoals the boundary layer and
reduces cloud thickness and LWP, and increased CO, decreases cloud-top cooling and reduces
LWP. However, higher SSTs and hence stronger LHFs also increase decoupling and ultimately lead
to reduced CF, which is seen in Fig. 5a; hence increasing SST has opposite sign effects on CF and
LWP.

For perturbations about the cumulus state (dotted lines), cloud fraction is pinned to its minimum
value (10%). The sign of the in-cloud LWP response to each CCF is the same, though the magnitude
varies compared to the perturbations around the stratocumulus state. Most notable are the nonlinear
responses to above-cloud humidity (Fig. 5d) and CO, (Fig. 5f). The LWP response from the Cu
state is weaker than from the Sc state, and the response to CO; is nearly nonexistent here. The

sensitivity of Cu to subsidence is slightly stronger compared to Sc (Fig. 5c).

b. Stratocumulus-cumulus transition across North East Pacific

To validate the bulk model, we predict the cloud fraction given the observed large-scale conditions
and compare it to the observed cloud fraction across the NEP SCT transect. The result is shown
in Figure 6a. We predict the cloud cover in two ways: 1) by forcing the bulk model to steady-state
with the climatological mean boundary conditions over the observed 10-year period (pink dashed
line), and 2) by forcing the bulk model to steady-state with 100 randomly chosen days from the
same period (pink solid line). Because the cloudiness of the boundary layer is a nonlinear process,
and the bulk model exhibits strongly nonlinear behavior, the cloud fraction predicted from the
monthly mean boundary conditions is different from the mean of the cloud fraction predicted from

daily conditions.
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FiG. 6. Cloud fraction along North East Pacific (NEP) stratocumulus-cumulus transect. (a) Mean JJA
climatology (2007-2016) and standard deviation from CASCCAD observations (black), mean of bulk model
forced by ERAS boundary conditions from 100 randomly chosen days from the subsidence-only reanalysis
record over the same time period (pink, solid), and bulk model prediction forced by climatological boundary
conditions (pink, dashed). (b) Cloud fraction predicted by bulk model with single-variable forcing, again averaged
over 100 randomly chosen days: SST (blue), U (orange), EIS (green), D (red), and RH, (purple); all variable
forcing duplicated for comparison (pink). Only variations in SSTs alone produce a transition along the transect,

through other factors also contribute to the total.

The nonlinearity in the bulk model from the strong positive feedback between cloud cover
and cloud-top radiative cooling results in sharp transitions day to day. Over long-time averages,
this results in a smooth curve. However, when the bulk model is forced with the mean of the
reanalysis-derived boundary conditions, a sharp transition is predicted.

Further, we investigate which CCFs most strongly control the transition by varying only one at
a time in the simulations (Figure 6b). We observe that SST alone is sufficient to create a SCT, but

the other CCFs are not. The other factors do contribute and create variability in cloud thickness
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and decoupling strength, but each in itself is insufficient to induce a full transition to a low cloud
fraction, Cu-like, state.

Moving beyond our analysis of a one-dimensional transect, we compare the observed cloud
fraction to the predicted cloud fraction in the entire NEP region. Figure 7 compares the observed
cloud fraction to that predicted by the bulk model. The bulk model cloud fraction is the mean
predicted value from the model averaged over approximately 100 randomly chosen days from the
10-year CASCCAD record. A total of 200 individual days were randomly selected, but since the
bulk model was only applied in places with mean daily subsidence, the number of days included

in the average varies by location (from 74 to 181).

a) CASCCAD Observations b) Bulk model
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FiG. 7. (a) Observed and (b) predicted cloud fraction climatology across the North East Pacific region during
JJA. Prediction from bulk model is the average over approximately 100 randomly chosen days from the 10-year
period 2006-2017. For each day, the bulk model is driven with climatological boundary conditions of SST, U,
EIS, D509, and RHsgp from ERAS reanalysis and run to steady-state. The resulting cloud fraction is averaged to

produce this mean climatology plot.

Extending the analysis of the response of the cloud to perturbations from idealized mean states
(Figure 5), Figure 8 shows the dependence of all-sky LWP on each boundary condition for observed
states across the NEP region. In the steady-state, both the cloud fraction and in-cloud LWP respond
to perturbations in boundary conditions. All-sky LWP combines changes in cloud fraction and
in-cloud LWP. The goal of this analysis is to illustrate how the sensitivity to changes in the various

boundary conditions depends on the mean state from which we are perturbing.
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Changes in LWP are shown normalized by the observed year-to-year variability for each boundary
condition parameter (shown in Fig. 4), except for CO, where changes are shown relative to a
oy, = 100 ppmv perturbation. Specifically, the difference in steady-state LWP for a forcing of
x; + 0y, /2 is plotted for each factor x;, where oy, is the year-to-year variability during JJA in the
10-year record (2006-2017). This normalization is important to put the magnitude of perturbations
of each boundary condition into context; for example, a 5 K change in SST is not easily comparable
to a 10% change in above-cloud relative humidity. Because the normalization is based on the
temporal variability of each boundary condition parameter, not the spatial variability, the results
do not correspond directly to the sensitivities along the transect shown in Figure 6b.

In general, the results agree very well with Figure 5. The all-sky LWP is mostly reflecting
in-cloud LWP changes, except at the edges of the region where transitions between cloud states
may occur. We saw from the perturbation analysis before that LWP is most sensitive to changes in
subsidence and above-cloud humidity (Figure 5). Stronger subsidence thins the boundary layer and
reduces LWP, while a more humid free-troposphere suppresses entrainment drying and increases
LWP. Sensitivity to SST, EIS, and CO; is quite weak, but positive for SST and EIS and negative
for CO,, agreeing with Fig. 5. The sensitivity of all-sky LWP to surface wind speeds has the most
complex spatial structure. In the center of the stratocumulus region, there is almost no sensitivity
to wind speed, but toward the edges, stronger wind speeds result in more LWP due to increase
LHF, until the LHF becomes too large and results in decoupling, which then dramatically reduces

all-sky LWP (seen by sharp transition from red to blue colors at the edges).

5. Discussion

Our bulk model is able to capture key features of the stratocumulus-cumulus transition (SCT)
and highlights the key mechanisms that drive the breakup of stratocumulus clouds along these
westward transects. However, the model makes many assumptions that cannot represent the full
complexity of the atmospheric boundary layer. Here we present a short discussion of some key
limitations and imperfections of this model, some of which may be interesting avenues of future
research.

First, the model has a limited representation of the effect of decoupling on the vertical structure of

the boundary layer. In the derivation in Section 2, we introduce our bulk model in the more general

19



334

335

336

337

338

359

360

361

362

363

a) SST
35°N
30°N
25°N
20°N |

c) EIS
35°N
30°N
25°N
20°N |

e) RH,
(I
30°N . ,\
25°N
20°N |

150°W  140°W  130°W  120°W 150°W  140°W  130°W  120°W

R >

—-45 -30 -15 0 15 30 45
A All-sky LWP [g m™2]

Fi1G. 8. Change in all-sky LWP given a normalized perturbation of each CCF at each location across the NEP
region (in JJA). Regions with mean CF < 0.5 are shaded in grey. The sensitivities to each CCF vary in space
depending on the initial state of the cloud, highlighting the nonlinear response. LWP increases with SST and
above-cloud humidity everywhere, decreases with subsidence and CO; everywhere, while the sign of response

to surface wind speed and EIS varies in space.

form, not as a mixed-layer model, highlighting the flexibility of this approach to include more
nuanced representations of the vertical structure. However, in the end we did make the well-mixed
assumption in how we specified the form of the surface fluxes. And we included a somewhat
artificial ventilation term, wyey, Which represents extra mixing by positively buoyant thermals

that overshoot the inversion. Future work could look into extending this model by including a
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non-well-mixed vertical structure throughout, or only after decoupling, along the lines of what was
done by Schalkwijk et al. (2013) or Salazar and Tziperman (2023).

Second, this bulk model represents a single column of the atmosphere and neglects advection,
or the Lagrangian history of the air parcels, which is known to be important (Sandu et al. 2010).
Previous work has found that temperature advection can be an important cloud controlling factor
(e.g., Scott et al. 2020), but based on Figure 6, in the monthly-mean sense, we are able to reproduce
the salient features of the observed SCT without this. Including temperature advection into the
bulk model can be done trivially by including an additional source term on Equation 3b, and could
be explored in future work.

Third, the bulk model assumes that cloud emissivity (in Equation 8) is independent of LWP. We
explored making the emissivity dependent on LWP following Stephens (1978) as

€. = 1 — g PWP/LWP

where LWP; =7 g m™2. We chose not to use this option for this study as it proved not to be
critical for the qualitative results, and it introduced an additional positive feedback in the system
that made interpretations more difficult. As with most choices made while developing this model,
the goal was a minimal representation of the important physics, while retaining as simple a model
as possible. In this vein, the fourth major limitation is the lack of temporal variability. The
bulk model is used to make steady-state predictions, and given the timescales of the problem, the
system takes O(10 days) to equilibrate. However, the model neglects the diurnal cycle, synoptic
variability, and seasonal variability when solving for these equilibrium solutions. Again, this is
done to retain simplicity by keeping the boundary conditions fixed, but it could be relaxed in future

work if desired.

6. Conclusions

Stratocumulus clouds are a radiatively important feature of Earth’s climate because they con-
tribute to shortwave reflectance without compensating greenhouse warming. They appear in
specific locations on Earth, predominantly over eastern subtropical ocean basins due to their sensi-
tive dependence on large-scale meteorological factors (CCFs). These CCFs have been used many

times previously as a basis for constraining stratocumulus response to climate change. However,
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these models rely only on linear, statistical correlations between CCFs and cloudiness. In this
work we presented a nonlinear and physical, but still simple, bulk boundary layer model for low
cloudiness.

Our model is similar to traditional mixed-layer models for stratocumulus-topped boundary layers,
but we extended it to include a prognostic equation for cloud fraction. Cloud fraction in our model
depends on the strength of boundary layer coupling as diagnosed by the decoupling parameter
2 = (LHF/AR) - ((z; — zp)/zi)- The decoupling idea is based on Bretherton and Wyant (1997) and
Chung and Teixeira (2012). We included a simple representation of radiative transfer to explicitly
link the cloud-top radiative cooling to concentrations of greenhouse gases (CO, and H,O) in the
overlying free-troposphere. We showed how our bulk model is sensitive to perturbations in various
large-scale environmental conditions, CCFs and CO,. We validated our bulk model by comparing
predictions of cloud fraction to observations from the CALIPSO and CloudSat satellites across the
North East Pacific stratocumulus-to-cumulus transition transect.

In some ways this model is overly simple, neglecting some important physical processes, and
it should not be viewed as a parameterization. However, because this model is able to capture
important features of the SCT, it is useful as a conceptual tool. In a companion paper, we elaborate
further on the mechanisms governing SCTs in this model and use it to explore exotic climates with

very high CO; concentration (Singer and Schneider 2023).

Acknowledgments. CES acknowledges support from NSF Graduate Research Fellowship under
Grant No. DGE-1745301. This research was additionally supported by the generosity of Eric and
Wendy Schmidt by recommendation of the Schmidt Futures program and by Charles Trimble. We

thank Zhaoyi Shen for many helpful discussions in early stages of this project.

Data availability statement. The bulk model, along with examples reproducing all figures in
this paper and documentation, is available on Github (https://github.com/claresinger/

MixedLayerModel. jl).

APPENDIX

Subsetting daily reanalysis data
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On long time scales, e.g., over monthly means, the North East Pacific (NEP) is a region of
subsidence (see Fig. 4d). However, on daily timescales, there can be net upward motion in any
location. The bulk model assumes there is subsidence, and from the equation of mass conservation
(3a), the model will not reach steady state if D is negative. Therefore, when forcing the bulk model
with boundary conditions from reanalysis observations, we only want to choose observations on
days with subsidence.

There are two logical ways to subset the data to exclude observations of D < 0. They are both
shown in Figure A1. 1) We can exclude only the locations of upward motion on certain days (black
dotted). The downside to this approach is that it will result in unequal numbers of observations
at different spatial locations. Or, 2) we can exclude all locations on days with any upward motion
along the whole transect (red). The downside to this approach is that it more severely filters the
data, and we are left with fewer total observations.

However, we can see that both of these approaches have similar mean transect profiles. The
transects for all quantities except horizontal divergence (Dsgo) are similar to the unfiltered data
with all days (black solid). For simplicity, to keep the number of total observations at each spatial
point equal, and because we retain enough data to reconstruct the climatological picture, we choose

to keep only days where there is subsidence everywhere along the transect (red).
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