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Abstract. The effects of an initially overlying layer of solar-
absorbing aerosol on the transition of stratocumulus to trade
cumulus clouds are examined using large-eddy simulations.
For lightly drizzling cloud the transition is generally has-
tened, resulting mainly from increased cloud droplet num-
ber concentration (N,) induced by entrained aerosol. The in-
creased N, slows sedimentation of cloud droplets and short-
ens their relaxation time for diffusional growth, both of
which accelerate entrainment of overlying air and thereby
stratocumulus breakup. However, the decrease in albedo
from cloud breakup is more than offset by redistributing
cloud water over a greater number of droplets, such that the
diurnal-average shortwave forcing at the top of the atmo-
sphere is negative. The negative radiative forcing is enhanced
by sizable longwave contributions, which result from the
greater cloud breakup and a reduced boundary layer height
associated with aerosol heating. A perturbation of moisture
instead of aerosol aloft leads to a greater liquid water path
and a more gradual transition. Adding absorbing aerosol to
that atmosphere results in substantial reductions in liquid wa-
ter path (LWP) and cloud cover that lead to positive short-
wave and negative longwave forcings on average canceling
each other. Only for heavily drizzling clouds is the breakup
delayed, as inhibition of precipitation overcomes cloud wa-
ter loss from enhanced entrainment. Considering these sim-
ulations as an imperfect proxy for biomass burning plumes
influencing Namibian stratocumulus, we expect regional in-
direct plus semi-direct forcings to be substantially negative
to negligible at the top of the atmosphere, with its magnitude
sensitive to background and perturbation properties.

1 Introduction

Aerosols affect the earth’s radiation budget in at least three
ways. First, they directly absorb and scatter solar radiation.
Second, they affect radiative fluxes indirectly through their
role as cloud condensation nuclei, influencing cloud micro-
physics and thereby affecting cloud albedo and cloud cover.
Third, solar-absorbing aerosols can alter atmospheric heat-
ing rates and stability, leading to rapid adjustments in cloud
properties; the resulting impact on radiative fluxes is referred
to as the semi-direct effect (Hansen et al., 1997).

Aerosols have been identified as contributing the great-
est uncertainty to anthropogenic climate forcing (Forster et
al., 2007). For instance, the observational study of the In-
dian Ocean Experiment (INDOEX) (Jayaraman et al., 1998;
Satheesh and Ramanathan, 2000) and some general cir-
culation model (GCM) studies (e.g., Hansen et al., 1997;
Lohmann and Feichter, 2001; Jacobson, 2002; Cook and
Highwood, 2004) have found a net decrease in low-level
cloud cover when solar-absorbing aerosols are present,
which corresponds to a positive radiative forcing at the top
of the atmosphere (TOA) that tends to warm the climate
system, while other observational studies (e.g., Loeb and
Schuster, 2008; Wilcox, 2010; Adebiyi et al., 2015, hereafter
A15) have found the opposite, in which the cloud cover in-
creases. Some GCM studies (e.g., Menon et al., 2002; Penner
et al., 2003; Sakaeda et al., 2011) have found that the radia-
tive forcing depends crucially on the height of the absorb-
ing aerosol. To better constrain radiative forcing in climate
models, a comprehensive understanding of regional cloud—
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aerosol interactions and the corresponding radiative forcings
is of value.

Here we focus on warm (liquid-phase) clouds in the plan-
etary boundary layer (PBL). Higher-level clouds are not con-
sidered. Process-level understanding of the physical mech-
anisms underlying indirect and semi-direct aerosol radia-
tive forcings has been largely advanced through studies with
large-eddy simulation (LES) models and in situ observations.
Regarding aerosol indirect forcing, with all else equal (par-
ticularly cloud cover and liquid water path), increased cloud
droplet number concentration (N,) resulting from increased
aerosol concentration (N,) increases cloud optical thickness
and thus albedo, thereby exerting a negative radiative forc-
ing at TOA (Twomey, 1974, 1991). For precipitating clouds,
increasing N, can reduce precipitation and thereby enhance
liquid water path (LWP) and cloud cover (e.g., Albrecht,
1989; Ackerman et al., 1993; Pincus and Baker, 1994; Hind-
man et al., 1994). However, for clouds with little precipita-
tion, modeling studies indicate that increased N, tends to re-
duce LWP and cloud cover by increasing PBL entrainment
(Ackerman et al., 2004, 2009; Wood, 2007), which can dry
the PBL and reduce LWP when the overlying air is suffi-
ciently dry (Randall et al., 1984). Such a tendency is con-
sistent with satellite observations of LWP reduction in ship
tracks, on average (Coakley Jr. and Walsh, 2002). At least
three microphysical mechanisms have been found to play a
role in the entrainment increase. First, in what we shall re-
fer to as the “sedimentation effect”, increased N, leads to
smaller droplets that fall more slowly, which increases the
amount of cloud water available for evaporative cooling dur-
ing entrainment events, thereby strengthening entrainment
(Bretherton et al., 2007). Second, in what we shall refer to
as the “evaporation effect”, smaller droplets increase the to-
tal surface area of cloud droplets, accelerating evaporation
and driving stronger entrainment (Xue et al., 2008). Third,
increased N, also suppresses drizzle, enhancing convective
intensity and entrainment (e.g., Stevens et al., 1998; Wood,
2007). Under dry overlying air, all three effects tend to re-
duce cloud cover and LWP, leading to a positive radiative
forcing. However, if the entrained air is sufficiently moist,
entrainment can be expected to increase LWP (Randall et
al., 1984).

Aerosol semi-direct effects have been studied by Acker-
man et al. (2000) in the context of trade cumulus under
a sharp inversion, in which absorbing aerosol within the
boundary layer increases solar heating in a manner that sta-
bilizes the PBL, reducing the moisture supply from the sur-
face and the amount of cloudiness, leading to a positive ra-
diative forcing at TOA. More directly in such a scenario the
relative humidity of the PBL is reduced by enhanced solar
heating, reducing cloudiness as originally found in global
model simulations by Hansen et al. (1997). In contrast, John-
son et al. (2004) conducted large-eddy simulations of marine
stratocumulus and found that an absorbing aerosol immedi-
ately above the PBL (and not entrained) strengthens the in-

Atmos. Chem. Phys., 17, 12725-12742, 2017

X. Zhou et al.: Impacts of aerosol on Sc—Cu transition

version, reducing entrainment and thereby increasing cloud
cover, leading to a negative radiative forcing, while they
found the opposite (positive radiative forcing) for aerosol
heating within the PBL. That study was motivated at least
in part by measurements of absorbing aerosol from biomass
burning advected from Africa over Namibian stratocumulus,
where biomass burning aerosol plumes may also be well sep-
arated from the PBL (Keil and Haywood, 2003; J. M. Hay-
wood et al., 2003), a factor that has been found to be critical
to absorbing aerosol effects on cloud fraction (Feingold et
al., 2005).

Further complexity arises when considering the possibil-
ity that absorbing aerosol can act as cloud condensation nu-
clei (CCN) and thereby increase N, which was neglected
in the early studies of Johnson et al. (2004) and Feingold et
al. (2005) and only represented quite crudely by Ackerman
et al. (2000), who simply imposed a sequence of uniform N,
values in their simulations. Here we will consider both roles
of absorbing aerosol.

By considering two trade cumulus regimes, one transi-
tional case with a sharp inversion (ATEX) and a more down-
stream case with greatly reduced cloud cover (BOMEX),
Johnson (2005) found the semi-direct aerosol forcing to
depend strongly on the cloud regime, with the magnitude
of the forcing increasing with (unperturbed) cloud cover.
This regime dependence is relevant to the stratocumulus-
to-cumulus transition (SCT), a climatological feature down-
stream of subtropical marine stratocumulus (Klein and Hart-
mann, 1993; Sandu et al., 2010; Zhou et al., 2015). The SCT
has been found in modeling studies to be driven by east-
erly, equatorward advection over increasing sea surface tem-
peratures (SSTs), which increases surface latent heat fluxes,
enhancing buoyancy fluxes in the cloud layer and hence
entrainment. The PBL deepening from progressive entrain-
ment inhibits the ability of circulations forced at cloud top to
maintain a well-mixed boundary layer, reducing the surface
moisture supply and eventually drying out the stratocumu-
lus clouds (Bretherton and Wyant, 1997; Wyant et al., 1997).
A recent observational study has found that the timescale
of the SCT over the eastern Pacific can depart considerably
from that in an idealized model framework driven only by
increasing SST (Zhou et al., 2015), suggesting that other fac-
tors, such as meteorological variability, might play important
roles in the timescale of the SCT. Yamaguchi et al. (2015)
(hereafter Y15) investigated the impact of overlying absorb-
ing aerosol and associated enhanced moisture on the SCT
and found that entrained absorbing aerosol in general delays
the SCT, with a net negative change in TOA shortwave (SW)
cloud radiative forcing (CRF).

It has been documented in recent observational studies
near northern Namibia and remote St. Helena in the South
Atlantic that the sampled absorbing aerosol is often ac-
companied by enhanced humidity, with an average mois-
ture perturbation of ~ 1 gkg™! relative to the underlying air
(J. M. Haywood et al., 2003; A15). This humidity is asso-
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ciated with the outflow from the deep, continental bound-
ary layer, and accompanies the absorbing aerosol that re-
sults from biomass burning. The enhanced humidity induces
additional radiative heating, which can regulate cloud pro-
cesses by reducing cloud-top longwave (LW) cooling (A15)
and by simply reducing the dryness of air entrained into
the PBL. Y15 located a stationary moist layer above the
PBL and found that the additional moisture itself enhances
cloud breakup during the SCT, although they acknowledge
that their perturbation of ~3 gkg™! likely represents an up-
per limit compared with A15. We note that in our modeling
framework it is simply assumed that the model domain is ad-
vected equatorward by the trade winds, thus implicitly treat-
ing the flow aloft as being easterly, despite observations that
indicate the circulation over the South Atlantic to be far more
complex (e.g., Adebiyi and Zuidema, 2016).

Here we perform an expanded investigation of the impact
of absorbing aerosol and moisture on the SCT. Because Y15
was published during the course of this work, our simula-
tion setups are similar but not identical, and we highlight
similarities and differences below. Like Y15, we adopt the
Sandu and Stevens (2011) SCT case study, with some mod-
ifications. Here we separate the responses to aerosol heating
above and within the PBL and on microphysical processes.
We consider the impacts on lightly and heavily drizzling stra-
tocumulus decks. We also assess the impacts of additional
overlying moisture on the SCT and how it influences the ef-
fects of absorbing aerosol. The radiative forcings in our study
consider changes in not only SW but also LW fluxes. Our re-
sults differ from Y15 in that initially overlying plumes of
absorbing aerosol lead to positive changes in SW CRF at
TOA, and the aerosol and moisture perturbations never delay
the SCT in our simulations (unless we omit well-established
physical processes).

The remainder of this paper is organized as follows. Sec-
tion 2 documents the model setup and case description. Sec-
tion 3 presents analysis of the microphysical and heating
effects of absorbing aerosol during the transition of lightly
drizzling stratocumulus. In Sect. 4, we investigate the impact
of additional moisture in the aerosol layer, and the influence
of the initial altitude of the moist aerosol layer. The impacts
of an absorbing aerosol on the SCT of heavily drizzling stra-
tocumulus are discussed in Sect. 5. In Sect. 6 we discuss and
summarize our findings.

2  Model setup and simulated cases

The Distributed Hydrodynamic Aerosol and Radiative Mod-
eling Application (DHARMA) (Ackerman et al., 2004, and
references therein) simulations here are based on the “ref-
erence case” 3-day Lagrangian SCT setup of Sandu and
Stevens (2011). The basis for the case is a composite of
the large-scale conditions encountered along trajectories over
the northeastern Pacific from June to August of 2006 and
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2007. Following Sandu and Stevens (2011) and de Roode et
al. (2016), SST increases steadily from 293.75K at Oh to
299.17K at 72h, and a uniform divergence of large-scale
horizontal winds of 1.86 x 107°s~! is imposed up to an
altitude of 2000 m, above which the large-scale subsidence
is constant. Because the large-scale subsidence is imposed
rather than interactive, we omit any possible decrease in sub-
sidence associated with solar heating by absorbing aerosol
(cf. Sakaeda et al., 2011). An intercomparison of six differ-
ent LES models shows that DHARMA results are consistent
with others in representing the SCT (de Roode et al., 2016),
although differences between models do exist, as discussed
further below. Unlike Sandu and Stevens (2011) and Y15,
here we begin simulations at midnight local time (when tur-
bulent mixing is vigorous, to accelerate spin-up) rather than
10:00 local time. Surface fluxes are computed following sim-
ilarity theory as in Ackerman et al. (1995). Note that because
sea surface temperature is prescribed, it is not impacted by
changes in the overlying atmosphere.

The DHARMA domain size is 10.8 km x 10.8km x 3.2km
and horizontal resolution is set to Ax = Ay = 75m. Verti-
cally 240 levels are distributed between 0 and 3200 m, with
variable vertical resolution ranging from 30 m near the sur-
face to 10 m near the inversion and up to 60 m near the model
top; before using this grid with twice as coarse of a grid as
in de Roode et al. (2016), we confirmed that the DHARMA
results were not sensitive to the difference. The microphysics
scheme is an adaptation of the two-moment scheme of Mor-
rison et al. (2005) with prognostic saturation excess follow-
ing Morrison and Grabowski (2008) and assuming the shape
factor of the cloud droplet size distribution to be 10.3 (equiv-
alent to relative dispersion of 0.3) following Geoffroy et
al. (2010). Radiative transfer is calculated for each column
every minute using a two-stream model (Toon et al., 1989).
An isothermal layer for the radiative transfer calculations
overlies the LES grid, with an ozone column following the
specifications of de Roode et al. (2016) and with tempera-
ture (180 K) and water vapor column (0.5 gcm_z) chosen to
match the profile of downwelling LW flux of the other mod-
els in the intercomparison. The ocean surface albedo is spec-
trally uniform at 7 %. Activation of aerosol follows Abdul-
Razzak and Ghan (2000) using supersaturation computed af-
ter the condensational adjustment of Eq. (A10) in Morrison
and Grabowski (2008). The number and mass concentrations
of cloud droplet and raindrops are prognostic in the two-
moment cloud microphysics scheme, but for aerosol it is only
the number concentration of unactivated plus activated par-
ticles for each aerosol species that is prognostic; there is no
evolution of the size and breadth of the underlying aerosol
size distribution for each species, nor are there sources or
sinks of aerosol number.

Two species of aerosol are prescribed: ammonium sulfate
and a solar-absorbing aerosol; both aerosol types act as CCN
and interact with the radiation before and after activation.
The optical properties for aerosol particles and hydromete-
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ors are computed following Ackerman et al. (1995) using
Mie calculations on a 25-bin grid with geometric spacing,
in which we average over six sub-intervals within each bin to
smooth any Mie resonances. Soot cores with a fixed size are
included in the Mie calculations for solar-absorbing aerosol
(following Ackerman et al., 2000) as well as for the fraction
of cloud droplets in each grid cell that activated on solar-
absorbing CCN. The baseline case is an ensemble of three
simulations with different pseudo-random seeds for the ini-
tial temperature perturbation field in the PBL, and includes
only ammonium sulfate aerosol, which is uniformly dis-
tributed in the vertical with Ny guifate = 150 mg’1 (without a
vertical gradient, the aerosol scheme is completely diagnos-
tic). Further simulations are conducted that incorporate an
absorbing aerosol profile initialized to increase linearly from
zero below 1250 m altitude up to Nj, absorb = 5000 mg_l at
1300 m, maintain a uniform value up to 2800 m, and then de-
crease to zero at 2850 m and above. Log-normal size distri-
butions are specified for the sulfate and absorbing aerosol,
with geometric mean radii of 0.05 and 0.12um and ge-
ometric standard deviations of 1.2 and 1.3, respectively.
The hygroscopicity parameter « (Petters and Kreidenwesis,
2007) is set to 0.55 for ammonium sulfate and 0.2 for the
absorbing aerosol. The size distribution for the absorbing
aerosol is based on the measurements of J. M. Haywood et
al. (2003) and the hygroscopicity (for aged biomass burning
aerosol) from those of Englehart et al. (2012). The absorb-
ing aerosol optical properties follow the approach of Ack-
erman et al. (2000), but here a soot core radius of 0.04 um
is specified, resulting in a single scattering albedo (SSA) of
0.88 at wavelength 0.55 pm. The extinction coefficient within
the absorbing aerosol layer is about 0.16km™" at 0.55 um,
consistent with the measurements reported by J. Haywood
et al. (2003). The absorbing aerosol induces a heating rate
of ~2.6Kd~! at noon and a diurnal-average heating rate
~1.2Kd~!, consistent with observations exploited by John-
son et al. (2004) and Ackerman et al. (2000). The ini-
tial absorbing aerosol layer physical thickness of 1.5km is
loosely based on observations over the southeastern Atlantic
by Chand et al. (2009), J. M. Haywood et al. (2003), and
Labonne et al. (2007), who report a characteristic layer thick-
ness over the Atlantic of 1-2 km. Sensitivities of the results
to the assumed SSA of the absorbing aerosol and to their ini-
tial number concentration are briefly discussed.

To examine variations in bulk properties of the overlying
aerosol layer, a further simulation is performed with the ini-
tial location 400 m higher, in which the model top is extended
to 3.5 km and the column of overlying water vapor and ozone
used for radiative fluxes adjusted accordingly. An additional
baseline case with a 3.5km deep grid was run for comput-
ing differences. Two other simulations consider a moist per-
turbation of 1gkg™' based on observations at St. Helena
of equatorward outflow from the continental boundary layer
(A15), scaled to the initial height of Ny absorb With and with-
out absorbing aerosol. Finally, the impact of overlying ab-
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sorbing aerosol on heavily precipitating stratocumulus is ex-
amined by reducing Nj, sulfate t0 25 mg’]. To isolate the mi-
crophysical effects of the overlying aerosol, a group of simu-
lations with N, guifate = 150 mg_1 is performed where the in-
teraction of the absorbing aerosol with radiation is omitted.
The aforementioned sedimentation and evaporation effects
are examined by additional simulations that exclude cloud
droplet sedimentation and that fix the cloud droplet relax-
ation timescale (instead of computing it per Eq. (AS) of Mor-
rison and Grabowski, 2008). Semi-direct aerosol effects are
dissected through simulations that restrict aerosol heating to
the free troposphere (FT) or the PBL. Table 1 summarizes the
setups for all simulations in the main text and its last column
lists the figures in which each simulation appears.

Radiative forcings are computed from hourly time slices,
which yield daily averages that differ negligibly from those
using radiative fluxes updated every minute. We compute
aerosol forcings following Ghan (2013), in which total forc-
ing from a perturbation is calculated as the change in net
downward radiative flux at TOA relative to the baseline:
AF = F(perturbed) — F(baseline). The sum of the indirect
and semi-direct forcings from the absorbing aerosol is com-
puted similarly but with the absorbing aerosol omitted when
calculating F'(perturbed). The direct aerosol forcing is then
derived by subtracting the sum of indirect and semi-direct
forcings from the total forcing.

For the sake of comparison with Y15, in one instance
we also compute cloud radiative forcing as the difference
of net downward radiative fluxes at TOA with and with-
out cloud: F (all sky) — F(clear sky). The difference between
AF and the aerosol-induced change in cloud radiative forc-
ing is the direct aerosol forcing for clear sky: ACRF =
AF — AF(clear sky). The enhancement of aerosol absorp-
tion associated with SW reflection by an underlying cloud
layer, which tends toward a positive forcing (e.g., Chand et
al., 2009) and is implicitly included in A F, is offset in ACRF
by the subtraction of a direct forcing that tends to be more
negative here, because the ocean surface is less reflective
than the cloud layer. Subtraction of a negative direct forcing
thereby yields a ACREF that tends to be more positive than
total forcing AF.

In all forcing calculations for this study, net LW fluxes
at TOA are scaled from net LW fluxes at the top of the
model domain using Froa = 2.627F32km + 0.0054F32'2km
for the 3.2 km deep grid, and using Froa = 2.469F3 5xm +
0.0046F32.5 «m for the 3.5km deep grid. These correlations
were derived from the baseline case run on a 40 km deep grid,
with root mean square (RMS) errors of 0.3 and 0.2 Wm—2
on the shallower grids, with biases of less than 0.001 Wm2,
No TOA corrections for SW fluxes are made because the ra-
diative transfer scheme (Toon et al., 1989) provides accurate
TOA fluxes by treating Rayleigh scattering in the overlying
atmosphere.
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Figure 1. Evolution of horizontal average profiles of (a) cloud
fraction (defined by a cloud water mixing ratio threshold of
0.01 gkgfl) and (b) vertical velocity variance for the lightly driz-
zling baseline case (Ny, gyifate = 150 mg_l). The simulation starts
at midnight local time. Gray shading indicates nominal nightime
(06:00 pm~06:00 am local time).

3 Impacts on lightly drizzling SCT

3.1 Overview of SCT with and without absorbing
aerosol layer

Figures 1 and 2 illustrate the transition from a compact stra-
tocumulus layer to more broken fields of cumulus as a re-
sponse to increasing SST for the lightly drizzling baseline
case (Na, sulfae = 150mg~!, N. ~ 100 cm™3). After ~2h of
boundary layer turbulence spin-up in one member of the
baseline ensemble (Fig. 1b), the PBL depth in general in-
creases with SST and reaches 2km at the end of day 3
(Fig. 1a). The thinning of the stratocumulus is observed in
the afternoon of day 1 as solar heating offsets some of the
LW cooling that drives PBL mixing, when vertical wind vari-
ance profiles show bimodal structure with a local minimum
near cloud base (~ 12h in Fig. 1b). Convection revitalizes
after sunset and deepens the stratocumulus, when the mean
precipitation rate at cloud base peaks at ~ 0.1 mmd~! in the
baseline ensemble (Fig. 2i). Starting around sunrise of day 2
(~30h), the PBL becomes continuously stratified, with a
persistent camulus layer developing under the stratocumulus
(Fig. 1a). This stratification reduces the subsequent nocturnal
recovery, and leads to further reduction in LWP (Fig. 2b) and
cloudiness (Fig. 2¢) after sunrise on day 3. Following Sandu
and Stevens (2011) by defining the SCT as the time at which
cloud cover (the fraction of columns with LWP > 10 gm_z)
first decreases to half of its initial value, the transition in the
baseline case is at ~ 62 h.

When incorporating an overlying absorbing aerosol layer,
the clouds and PBL evolve in a notably different way with
an evident radiative impact (Figs. 2 and 3; Table 2). N, in-
creases gradually after the bottom of the ramp of subsiding
aerosol contacts the deepening PBL at ~ 15h (Fig. 2a). The
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Figure 2. Evolution of domain averages of (a) cloud droplet num-
ber concentration (N, average weighted by cloud water mixing ra-
tio), (b) liquid water path (LWP), (¢) cloud cover (columns with
LWP > 10 gmfz), (d) inversion height (height of maximum poten-
tial temperature gradient), (e) entrainment rate (difference of in-
version height tendency and subsidence rate at inversion height),
(f) upwelling shortwave (SW) and (g) longwave (LW) radiative
fluxes at TOA, (h) inversion strength (AT across inversion defined
as the vertical extent with continuous positive temperature gradi-
ent), and (i) precipitation rate at cloud base (mean over cloudy
columns of lowermost height where the cloud water mixing ratio
exceeds 0.01 gkg_l). Results shown as lagged 3 h running averages
to smooth entrainment rates. Range of the three-member lightly
drizzling baseline ensemble (N sulfate = 150 mg_l) in gray. Re-
sults with the absorbing aerosol layer shown as red dotted line. Re-
sults with the aerosol layer excluding radiative interaction shown as
blue dashed line. The black dotted line in (d) indicates the base of
the absorbing aerosol layer (lowest height where Ny aphsorb is full
strength) before contacting the boundary layer.

full strength of the aerosol layer reaches the PBL at ~20h
(Fig. 2d). Before the subsiding aerosol layer contacts the
deepening PBL, absorption of SW radiation in the aerosol
layer dominates the radiative impact and reduces the diurnal-
average upwelling SW radiative fluxes at TOA by ~7 Wm™>
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Table 2. Diurnal-average direct forcing, indirect plus semi-direct forcing, and sum of forcings (in Wm~2) from the overlying absorbing
aerosol for the lightly drizzling case (Ny, sulfate = 150 rngfl) on day 1 (0-24h), day 2 (24-48h), and day 3 (48—72h). The 3-day average
radiative forcing is indicated in the last row. Boldface indicates results exceeding the uncertainty range derived from the baseline ensemble

spread.
Direct forcing Indirect + Total
semi-direct forcing
SW LW  SW4LW SW LW SW+LW  SW+ILwW
Day 1 73 -03 7.0 -1.6 —-0.2 —1.8 5.2
Day 2 0.8 -0.2 0.6 -05 =2.6 =31 =25
Day3 -=3.7 0.0 -3.7 -12 -6.0 =72 -10.9
Mean 1.5 -0.2 1.3 -1.1 =29 -4.0 =27
onday 1 (Fig. 2f, Table 2). This SW absorption by the aerosol 30 (a) ‘
layer decreases with time when the cloud field is more bro-
ken, since less upwelling SW radiation is reflected back into 25 T ——_
the layer (cf. Chand et al., 2009) and when it is mixed be- € 20 . 5 .= =]
low cloud, where less SW radiation reaches the absorbing S \:: ~1\
aerosol. On day 3, SW absorption is overcome by scattering, § 1.5 N
resulting in a negative direct forcing (Table 2). = I
As the absorbing layer approaches the PBL, the inversion < 1.0 // //
strengthens (Fig. 2h), which would tend to slow entrainment. 05 I
However, as the layer makes contact with the clouds, the en- 0.0 : ll : --36h --60h
trained aerosol activates cloud droplets and leads to a pro- ’ ‘ ‘ : ‘

. . S . . 0 20 40 290 300 310
nounced increase in N, which is ultimately increased by a N, soson (102 Cm™) Liquid water potential
factor of ~ 10 over the baseline to ~ 1000 cm™3 (Fig. 2a). ' 9 temperature (K)
The increased N, acts to accelerate entrainment through the 3.0f ‘ ( d)‘ ‘ ‘
sedimentation and evaporation effects, and opposes but does
not overcome the opposing tendency from the strengthening 2.5}
of the inversion (Fig. 2d and e). The entrainment of warmer € 20l 1
air with less RH leads to a reduction of LWP (Fig. 2b) and ‘E’ —
cloud cover (Fig. 2c), hastening and enhancing the SCT on E 1.5} == 1 [ — 1
day 2 (Fig. 2c). This SCT acceleration is opposite to Y15, 5 10! { 1
who found that entrained absorbing aerosol delays the SCT
and leads to overcast conditions during the second half of 0.5}
72h simulations. As a result of substantially reduced LWP, 0.0 ‘ ‘ ‘ ‘
here the overlying absorbing aerosol case yields a positive 0 10 20 30 -150 -100 -50 O

change in TOA SW CREF relative to the baseline during the
3-day simulation (Table 3). The daytime average SW ACRF
after the soot contacts the PBL is 9.3 W m™2, opposite in sign
to that of Y15. Meanwhile, the negative LW contributions to
ACRF are enhanced during the transition, and overcome the
positive SW ACRF on day 3. As explained further below,
such LW contributions result from microphysical and heating
effects. While such LW forcings are often ignored when con-
sidering aerosol impacts on low-lying clouds, much of the
subtropical and tropical atmosphere is not particularly moist,
with column water vapor of less than 30 mm (cf. Lindstrot et
al., 2014) as it is here (initial and final values, respectively, of
about 25 and 30 mm), allowing changes in low-level clouds
to impact LW fluxes at TOA.
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Figure 3. Horizontally averaged profiles of (a) the number concen-
tration of absorbing aerosol, (b) liquid water potential temperature,
(¢) SW heating rate, and (d) LW heating rate at the 36th hour (gray
solid line) and the 60th hour (red solid line) for the lightly drizzling
baseline ensemble (N gyifate = 150 mg_l) and with overlying ab-
sorbing aerosol (dashed line).

3.2 Microphysical effects
The microphysical effects of the subsiding aerosol are iso-
lated by omitting aerosol heating and comparing them to the

same baseline (Fig. 4). The substantial increase in N, as a re-
sult of the entrained aerosol is seen to largely explain overall
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Figure 4. As in Fig. 2 with the baseline in gray and with over-
lying aerosol that does not affect radiation shown with dotted red
line. Baseline and overlying aerosol cases in the absence of cloud-
droplet sedimentation and with a fixed relaxation time for diffu-
sional growth of cloud droplets () are shown with black solid and
red dashed lines, respectively.

reductions of both LWP and cloud cover relative to the base-
line simulation, leading to a hastened SCT. Such disparity in
LWP and cloud cover with and without entrained aerosol is
reduced when either the sedimentation effect is excluded (by
omitting cloud droplet sedimentation from both simulations)
or when the evaporation effect is excluded (by fixing the
cloud droplet diffusional growth relaxation time in both sim-
ulations). When both effects are excluded, simulations with
and without entraining aerosol exhibit negligible differences
in LWP and a reversed difference in cloud cover. Thus, the
hastened SCT from absorbing aerosol in DHARMA simula-
tions can be attributed primarily to the microphysical effects
of increased N, specifically via sedimentation and evapora-
tion effects.

With the semi-direct effect now excluded by omitting
aerosol absorption, the indirect forcing is isolated (Table 4).
Despite the substantial reduction in cloud cover, the en-
trained aerosol results in only a modest positive aerosol in-
direct forcing on day 2 and a negative forcing on day 3 (Ta-
ble 4). The negative forcing is driven by a negative LW forc-
ing, as a result of more broken clouds and emission from a
warmer SST, and by a significant Twomey effect, which does
not fully offset the opposed, comparable SW forcing induced
by the sedimentation and evaporation effects (Table 5).
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Table 3. Diurnal-average changes in cloud radiative forcings
(ACRF; in Wm™2) for the overlying absorbing aerosol case rela-
tive to the lightly drizzling baseline case (N, gyifate = 150 mg_l).
Conventions as in Table 2.

ACRF TOA (Wm™2)

SW LW SW+LW
Dayl 14.6 —0.2 14.4
Day 2 85 =20 6.5
Day 3 23 —-438 -2.5
Mean 84 -23 6.1

Table 4. Indirect forcing of absorbing aerosol, computed as the
diurnal-average difference in radiative fluxes at TOA (in Wmfz)
of the simulation with absorbing aerosol not directly affecting ra-
diation, relative to the lightly drizzling baseline case (Ny, sylfate =
150 mgf1 ). Conventions as in Table 2.

Indirect forcing

SW LW SW+LW
Dayl —0.7 0.4 -0.3
Day 2 25 —-09 1.6
Day 3 1.2 =52 —4.0
Mean 1.0 -19 —-0.9

3.3 Semi-direct effects

Next we isolate the semi-direct effects of aerosol heating
by considering aerosol absorption in the FT and PBL and
throughout the atmosphere and by comparing it to the pre-
ceding case that only included microphysical effects of the
entrained aerosol layer. By doing so we build upon the re-
sults of the previous section, effectively evaluating the semi-
direct effect in the presence of microphysical effects rather
than in their absence. As seen in Fig. 5, aerosol heating in
the FT substantially strengthens the PBL inversion as the
aerosol layer approaches the PBL (Fig. Se), enhancing LWP
and cloud cover (Figs. 5b and 5c) by inhibiting entrainment
(Fig. 5d). The increase in LWP delays and weakens the SCT,
contributing to a negative SW forcing (Table 6). In contrast,
aerosol heating in the PBL reduces LWP and cloud cover in
the daytime (Fig. 5b and c¢) by lowering the relative humidity
in the PBL and by stabilizing the PBL (Fig. 6a), hampering
the moisture supply from the surface (Fig. 6b). The reduction
in cloud amount amplifies the diurnal contrast of cloud frac-
tion and hastens the SCT, resulting in a positive SW forcing
(Table 6).

The competing effects of aerosol heating in the FT versus
the PBL serve to increase cloud water at night while reducing
it during daytime, enhancing its diurnal cycle (Fig. 5¢). Diur-
nally averaged, the effect of aerosol heating in the FT is dom-
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Table 5. Schematic of SW and LW radiative responses (changes in
net downward fluxes at TOA) to microphysical and thermal effects
of the initially overlying absorbing aerosol layer. N. refer to cloud-
droplet concentrations, CF cloud fraction, and Z; inversion height.
Plus signs refer to positive responses, negative signs to negative re-
sponses, and zeros to negligible or absent responses.

SW LW
Microphysical effects
Twomey effect Nc 1 - 0
Cloud-droplet sedimentation |,
evaporation 1 CF | + -
FT aerosol heating
. CFt+ - +
Inversion strength 1 Zi1 0 N
PBL aerosol heating
CF| + —
RH decrease Zi1 0 _
Other
Warming SST 0 -
1000 @ et g
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Figure 5. As in Fig. 2. All cases include initially overlying absorb-
ing aerosol and allow them to act as CCN. For gray solid line the
aerosol does not affect radiation. For long and short dashed lines,
the aerosol affects radiation only in the free troposphere (FT) and
planetary boundary layer (PBL), respectively. For red dotted line
there are no restrictions on aerosol affecting radiation, as in Fig. 2.
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Table 6. Semi-direct forcing of absorbing aerosol, computed as the
diurnal-average difference in radiative fluxes at TOA (in Wm_2) of
simulations with aerosol heating restricted to the FT and PBL, or
not restricted relative to the simulation without aerosol heating. All
simulations allow the absorbing aerosol to act as CCN. Boldface
indicates results exceeding the uncertainty range derived from the
spread of the lightly drizzling baseline ensemble.

Semi-direct forcing

SW LW SW+LwW
FT aerosol Day 1 -19 -0.6 -25
heating Day2 -124 -0.2 -12.6
Day3 -20.6 2.7 -17.9
PBL aerosol Day 1 —-1.3 0.0 -13
heating Day 2 55 -12 4.3
Day 3 152 =32 12.0
FT, PBL aerosol Day 1 -09 -0.6 -1.5
heating Day 2 -30 -17 —-4.7
Day 3 -24 -0.38 =32
Mean -21 -1.0 =31
3.0} (a) i (b) 1
| Microphysical effect only] i
2.5 13- PBL aerosol heating ]
£ 20t 1 d ]
B’ i .
S 150 ! N f
< 10f i 1 el ]
o5 ]
0.0 kensezmeremrri= ‘ ‘
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Total water flux
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Figure 6. Horizontally averaged profiles of (a) vertical velocity
variance and (b) total water flux averaged over 10:00 to 14:00 lo-
cal time on day 3 for simulations with (gray solid line) and with-
out (black dotted line) absorbing aerosol affecting radiation in the
PBL. Both simulations include microphysical effects of the en-
trained aerosol layer.

inant and leads to increased LWP and cloud cover and there-
fore a negative average SW forcing during the 3-day transi-
tion (Fig. 5c, Table 6). The net SW forcing is smaller than the
sum of the SW forcings via individual FT and PBL aerosol
heating, indicating interactions that reduce the component
forcings when combined (Table 6). Specifically, aerosol ab-
sorption in the FT slightly reduces the SW flux available for
aerosol heating in the PBL, while the greater cloud breakup
in the daytime reduces the reflected upwelling SW flux, in
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turn reducing aerosol heating in the FT. The combined effects
also result in LWP and cloud cover intermediate between the
results when considered separately (Fig. 5).

In contrast to the counteracting impacts on cloud water, FT
and PBL aerosol heating both inhibit entrainment by intensi-
fying the inversion and by stratifying the PBL (Fig. 5¢). The
reduced PBL depth corresponds to warmer cloud tops, which
emit more LW radiation upwards, leading to net negative LW
forcing on days 2 and 3 despite an increase in LWP and cloud
cover (Table 6).

3.4 Combined effects

Comparing Tables 2, 4, and 6 it is seen that net SW forcing
is weakened with all effects included because the increased
LWP from aerosol heating compensates for some of the LWP
loss from microphysical effects on day 2 (Table 2, Fig. 6),
and the direct aerosol heating on day 1 greatly counteracts
the negative radiative forcings after the aerosol layer con-
tacts the PBL. As a result, the mean SW impact over the
3-day transition nearly vanishes (Table 2). The LW radia-
tive forcing, however, accumulates and strengthens during
the transition, and therefore is the dominant contributor to
a negative average forcing during the transition (Table 2). In
a nutshell, although the subsiding aerosol layer directly ab-
sorbs solar radiation and breaks up the clouds faster and more
thoroughly, the CCN source serves to distribute cloud water
over a greater number of drops, increasing the optical thick-
ness of the remaining clouds but at a lower altitude, increas-
ing both upwelling SW and LW radiative fluxes, leading to
a net negative forcing. We note that day 3 net SW forcing is
only negative when the aerosol is absorbing (—1.2Wm™2 in
Table 2); otherwise, the Twomey effect is not strong enough
to counteract the reduction in cloud fraction, and day 3 net
SW forcing is equally positive (1.2 Wm™2 in Table 4).

The study of the effects of absorbing aerosol on the SCT
by Y15 considered only SW forcings, which seems sensi-
ble given that studies of semi-direct effects in stratocumu-
Ius (Johnson et al., 2004) and trade cumulus (Ackerman et
al., 2000; Johnson, 2005) have found SW forcings to be
dominant. However, here we find interaction of aerosol and
clouds in response to multiple effects leads to small net SW
forcings: for example, positive SW forcing from PBL aerosol
heating and microphysical effects on dynamics offset nega-
tive SW forcing from FT aerosol heating and the Twomey
effect (Table 5). By contrast, the negative LW forcings from
multiple effects (i.e., cloud water reduction and PBL deepen-
ing) work in the same direction and result in a substantial net
LW forcing for the SCT.

Sensitivity tests with varying values of the SSA and initial
number concentrations of the absorbing aerosol are summa-
rized in Appendix Al. A decrease in SSA at 0.55 ym wave-
length from 0.88 to 0.71 hastens the SCT less but leads to a
positive radiative forcing averaged over the 3-day transition,
attributable to direct absorption by the aerosol. A decrease
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Figure 7. As in Fig. 2. The baseline with a 3.5km deep grid
(N3, sulfate = 150 mgfl) shown as gray solid line. Results with the
aerosol layer initially 400 m higher shown as red dashed line, with

the corresponding aerosol layer base shown as black dashed line
in (d).

in the initial number concentration for the overlying aerosol
with an SSA of 0.88 serves to weaken its negative 3-day av-
erage radiative forcing.

4 Variations in bulk properties of overlying aerosol
layer

4.1 Higher initial elevation

Increasing the initial height of the base of the aerosol layer
by 400 m delays contact with the PBL by about half a day
(Fig. 7a). The delayed contact reduces the entrainment of
aerosol relative to the case with the layer starting lower,
thereby hindering cloud breakup (comparing Figs. 7b—c
with 2b—c). The enhanced cloud amount leads to a much
greater SW negative forcing on days 2 and 3, despite greater
direct absorption owing to the extended duration of the
aerosol aloft on day 2 (Tables 2 and 7). The delayed con-
tact also provides for a longer duration of heating aloft and
thereby a stronger inversion on day 3 (Fig. 7e), favoring
maintenance of the clouds and thus a negative SW forcing.
Despite increased LWP and cloud cover, the SCT with a
higher elevated aerosol layer is still hastened relative to the
baseline (Fig. 7). The greater negative SW forcing of the
more elevated aerosol layer after its contact with the PBL ul-
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Table 7. As in Table 2 but with the absorbing aerosol layer initially located 400 m higher. Boldface indicates results exceeding the uncertainty
range derived from the spread of the lightly drizzling baseline ensemble.

Direct forcing Indirect + Total
semi-direct forcing
SW LW  SW+ILW SW LW  SWHIW  SWH+LW
Day 1 65 —0.2 6.3 42 —-0.6 3.6 9.9
Day 2 38 -03 35 -11.2 -19 -13.1 -9.6
Day3 -=-3.0 —0.1 =31 5.0 —-47 -9.7 —12.8
Mean 24 0.2 2.2 —4.0 -24 —64 —4.2
Table 8. As in Table 2 but for the response of a lightly drizzling 3.0F i (@) "~ Baseline ‘ ] F(b) e i
baseline to a perturbation of moisture instead of aerosol. Boldface 250 | - Perturbed moisture 4t f. A I
X ) . N . . N - - Moist absorbing aerosol i W | -
indicates results exceeding the uncertainty range derived from the € N P |
spread of the lightly drizzling baseline ensemble. £ 20¢ : : ] 3 D I' E
% 1.5¢ e 1 r e
Net flux change at TOA (Wm_z) % 1.0} :,' ] F : B
SW LW SW +LW 05, 1 | -
0.0t s ‘ ‘ ‘ ‘ i
Day 1 116 -13 10.3 0 S1hort zoh t_30 40 -150 L-1oo ??0 ; 0
-17. —0. -17. ortwave heating ongwave heating
Day2 -—17.5 —0.2 17.7 vave i el
Day 3 -9.9 24 =72
Mean =5.2 0.3 -4.9 y ‘ -
3.0/ (o) S ) E
__25¢ g 1 ‘\\
: . - £ 20 2 :
timately leads to a more negative 3-day mean radiative forc- by 7 \ ;
ing to the case with the layer starting lower (Tables 2 and 7). E 150 mmm——=T 1 1 ""'"'Tl E
210 /) 1 . 3
4.2 Additional moisture 05¢ I' ER \}‘ ]
00t I ‘ ‘ ‘ ‘ M
Given that observations indicate that biomass burning 290 300 310 3 6 9 12

plumes over Namibian stratocumulus are moister than the
surrounding air (A15), next we additionally consider a mois-
ture perturbation relative to the baseline. As seen in Fig. 8,
the moisture induces additional SW heating and LW cooling
(Fig. 8a, b), with the latter dominating. The net cooling off-
sets some SW heating especially near the top of the moist
layer (Fig. 8c). Before the moist layer contacts the PBL, the
additional downward LW radiative fluxes from its moisture
serve to reduce cloud-top radiative cooling and thereby drive
weaker PBL mixing that results in a more broken cloud field
relative to the dry case (Fig. 9c). Reduced LWP diminishes
upwelling SW radiative fluxes, enhancing the positive SW
forcing on day 1 (Table 8). After the moist layer contacts
the PBL, the entrained moist air leads to greater LWP and
cloud cover than for the baseline, despite a weaker inver-
sion (Figs. 8c and 9e). The increased cloud water greatly in-
creases the net outgoing SW flux at TOA on days 2 and 3
(Table 8), and delays the SCT relative to the dry baseline
(Fig. 9b and c). The SW changes in TOA radiative fluxes are
seen in Table 8 to dominate the LW changes.

When an absorbing aerosol is then added to the moist layer
aloft, the SCT is faster and more pronounced relative to the

www.atmos-chem-phys.net/17/12725/2017/
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Figure 8. Horizontally averaged profiles of (a) SW heating rate,
(b) LW heating rate, (c¢) liquid water potential temperature, and
(d) total water mixing ratio averaged over hours 35-37 for the
lightly drizzling baseline ensemble (N sulfate = 150 mg_l) (gray
and black), perturbed moist case (red), and perturbed moist ab-
sorbing aerosol case (blue). The subpanel in (b) shows the diurnal-
average LW heating rate profile on day 1 from 1.5 to 3.2 km.

case with only a moisture perturbation (Fig. 9c). Compari-
son of Tables 2 and 9 reveals that the LW forcings are com-
parable with and without the additional moisture, but the SW
forcings induced by indirect and semi-direct effects are about
4Wm~2 greater on days 2 and 3 with the moisture aloft. A
thicker cloud layer with greater cloud cover has more to lose,
and the more dramatic reduction in cloud cover during day-
time predominantly changes the SW forcing. During night-
time, however, cloud cover diminishes less as a result of the
entrained moist air (Fig. 9¢). The counteracting day and night
impacts on cloud cover keep the PBL depth close to that in
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Table 9. As in Table 2 but for a lightly drizzling baseline with a moisture perturbation aloft. Boldface indicates results exceeding the
uncertainty range derived from the spread of the lightly drizzling baseline ensemble.

Direct forcing Indirect + Total
semi-direct forcing
SW LW SW4+LW SW LW SW+ILW SW+LW
Day 1 6.1 -0.2 5.9 -15 =03 —1.8 4.1
Day 2 1.8 —-0.2 1.6 3.0 =22 0.8 2.4
Day3 =35 0.0 -3.6 28 -6.8 —-4.0 -7.6
Mean 1.5 -0.1 1.4 14 =31 -1.7 -0.3
@ al., 2015), we next consider the impact of absorbing aerosol
& 1000~ e o e et e e . - .
£ e s on the SCT of heavily drizzling stratocumulus by reducing
P —T T T T ] the Ny, sulfate by 6-fold, to 25 mg~!. Throughout this section
~ 22)% the aerosol layer base is initially at 1.3 km and the layer does
t 150 :_(ELH% not include additional moisture.
s 128: " /“ The reduced N, sulfae is associated with domain-mean
= 0 D drizzle at cloud base reaching ~2mmd~! each night
T = (Fig. 10f). With drizzle the stratocumulus deck retains the
8 os- = Aosarbg aerosol \\ 7 AN essential features of the PBL growth and of the thinning and
g 8:; e o e 5ol e V"'%‘. —’/ 7] dissipation of the stratocumulus layer during the SCT, but ex-

Figure 9. As in Fig. 2. Range of the three-member lightly drizzling
baseline ensemble (N gyifate = 150 mg_l) shown in gray. Results
with an absorbing aerosol layer shown as red dotted line. Baseline
with moist layer aloft shown as blue dashed line. Results with moist
absorbing aerosol shown as black dashed line.

the absence of the additional moisture (Fig. 9d), leading to
little difference in the diurnal average LW forcing (Fig. 9f,
Table 9). The net result averaged over the 3-day transition is
a modest positive SW forcing that cancels out the negative
LW forcing (Table 9).

5 Impacts on heavily drizzling stratocumulus
The background aerosol concentrations in our simulations re-

sult in negligible drizzle for these conditions. As SCT is of-
ten observed in association with precipitation (e.g., Zhou et

Atmos. Chem. Phys., 17, 12725-12742, 2017

hibits differences associated with a much weaker diurnal cy-
cle (Fig. 10), as also reported by Sandu and Stevens (2011).
As discussed in Sandu et al. (2008), a weaker diurnal cycle
is attributable to depletion of cloud water and stratification
of the PBL via precipitation, which limits the stratocumulus
invigoration during the night. A reduced LWP in turn lessens
solar heating after sunrise, reducing daytime cloud thinning
and breakup.

As seen in Fig. 10f, entrainment of aerosol inhibits driz-
zle and thereby thickens the stratocumulus layer. This inhi-
bition of drizzle restores more than enough cloud water to
overcome PBL drying tendencies from the increased entrain-
ment on day 2. After sunrise, cloud cover falls sharply as
the reduced drizzle strengthens the diurnal cycle. Owing to
a thicker nocturnal cloud deck and a stronger inversion from
aerosol heating aloft, cloud breakup is delayed but amplified
on day 2. On day 3, the aerosol heating in the presence of a
stronger diurnal cycle results in a hastened SCT.

The inhibition of drizzle on day 2 allows for greater mix-
ing and entrainment (cf. Stevens et al., 1998) despite the
stronger inversion from aerosol heating aloft (Fig. 10d). The
deeper PBL is associated with cooler cloud tops that emit
less LW radiation, leading to a positive LW forcing during
the transition (Table 10). Such positive LW forcing is more
than offset by the strong SW forcing attributable to a strong
Twomey effect (relative to a cleaner baseline for this heavily
drizzling case), and the net impact is therefore an amplified
negative forcing (Table 10).
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Table 10. As in Table 9 but for a heavily drizzling baseline (N, syifate = 25 mg_l).

Direct forcing

Indirect + Total

semi-direct forcing

SW LW  SW+LwW

SW LW  SW+ILW  SW+LW

—0.1 0.2
-0.2 1.8
—0.0 -34

Day 1 0.3
Day 2 2.0
Day3 -34

—0.5
—45.7
—6.0

-0.3
—43.9
-94

-05 00
=520 63
-94 34

Mean —-04 —-0.1 —-0.5

-20.6 3.2 -17.4 -17.9
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Figure 10. As in Fig. 2 but for a heavily drizzling baseline
(Na, sulfate = 25 mg_l)-

6 Discussion and conclusions

In this study we have examined the impact of an initially
overlying layer of absorbing aerosol on the stratocumulus-
to-cumulus transition (SCT) of lightly and heavily drizzling
clouds via large-eddy simulations. Our results indicate that
the overlying aerosol can profoundly modify the breakup of
stratocumulus as it advects over increasingly warm SSTs.
During the transition of lightly drizzling clouds, an overlying
absorbing aerosol results in a more broken cloud field, has-
tening the SCT and strengthening the diurnal cycle. The has-
tened SCT in our simulations is primarily attributable to an
increased number concentration of cloud droplets leading to
faster evaporation of more cloud water that enhances entrain-
ment. This result holds in the presence of additional moisture
in the aerosol layer and is insensitive to a 400 m increase in
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its initial altitude. Drizzle constitutes another degree of com-
plexity. Its inhibition from aerosol entrainment thickens the
stratocumulus and leads to a stronger diurnal cloud cycle that
ultimately hastens the SCT.

The hastening of the SCT in this study is notable in con-
trast with Y15, who found the opposite in a similar study.
The entrained aerosol in that study leads to increased cloudi-
ness and a delay of the SCT before precipitation develops,
suggesting that inhibition of precipitation is not the cause
of delayed SCT in Y15. The strength of sedimentation and
evaporation effects in the Y15 simulations is not obvious;
we do find a delay in the SCT for a lightly drizzling case
only when sedimentation and evaporation effects are both
omitted (see Appendix B). It is noteworthy that direct nu-
merical simulation (DNS) indicates that the sensitivity of
cloud-top entrainment is substantially underpredicted in LES
(de Lozar and Mellado, 2017), so in reality the microphys-
ical effects may be considerably stronger than represented
here. Another likely source of discrepancy between our stud-
ies could be differences in model formulations. Y15 use
the System for Atmospheric Modeling (SAM; Khairoutdinov
and Randall, 2003), whereas here we use DHARMA (Ack-
erman et al., 2004). As seen in the intercomparison of de
Roode et al. (2016), the evolution of cloudiness in SAM and
DHARMA for that study’s reference case (following Sandu
and Stevens, 2011, from the observational study of Sandu et
al., 2010) is notably different in that DHARMA tends to ul-
timately develop a more broken cloud field than SAM. The
cloud cover in DHARMA better resembles the satellite ob-
servations of Sandu et al. (2010) than SAM does during the
SCT (Fig. 3k in de Roode et al., 2016), but that is not neces-
sarily proof of model skill since case study large-scale forc-
ings tend to be insufficiently constrained by available obser-
vations (e.g., Vogelmann et al., 2015), whereas here we ne-
glect consumption of aerosol number (activation into cloud
droplets is reversible through evaporation) owing to an ab-
sence of constraints on aerosol source terms. In contrast,
Y 15 include aerosol consumption, and a fixed surface source,
which together result in their in-cloud droplet number con-
centration dropping rapidly to O(10cm™3) within the final
12 h of their control simulation, inducing a dramatic decrease
in cloud cover that does not occur when an overlying aerosol
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layer is included. The detailed dynamical and microphysical
differences between the studies warrant further investigation,
and future observational studies are necessary to provide a
firmer foundation for establishing the impact of absorbing
aerosol on the timing of SCT.

Our study suggests that even in the case of a hastened
transition, an initially overlying absorbing aerosol layer can
produce net negative aerosol indirect and semi-direct radia-
tive forcings during SCT. For lightly drizzling stratocumu-
lus, such negative forcing is mainly attributable to greater
cloud albedo from a dominant Twomey effect and to negative
LW forcing from greater cloud breakup over warmer SSTs
and reduced PBL top height from aerosol heating. Diminish-
ing already from the interactions between microphysical and
semi-direct processes, when combined with aerosol direct
SW forcing, the net SW forcing nearly vanishes, thus becom-
ing even less significant relative to the negative LW forcing
during the SCT. We recommend that such sizable LW forc-
ings not be neglected when considering semi-direct aerosol
forcings in the context of stratocumulus breakup. Further
sensitivity tests (Appendix A) show that when SSA at 0.5 um
wavelength decreases further, the negative contributions can
be overcome by the large positive SW forcing via direct ab-
sorption, leading to net positive aerosol forcings. We find it
likely that similar positive forcings occur with an increase in
aerosol layer thickness.

When the aerosol layer is initially placed at a higher al-
titude, the extended duration of aerosol overriding the stra-
tocumulus deck intensifies the positive SW forcing from di-
rect absorption while largely enhancing the negative SW in-
direct and semi-direct forcings from less LWP reduction ow-
ing to less entrained aerosol and a stronger inversion, leading
to a more negative net forcing when averaged over the 3-day
transition.

A moist layer aloft associated with outflow from a deeper
continental PBL tends to intensify the radiative forcings by
reducing cloud-top LW cooling and thus convective intensity
and increasing the positive SW forcing before contact with
the PBL, and by enhancing negative SW forcing after con-
tact via greater LWP resulting from reduced PBL drying. The
net effect of the overlying additional moisture is to modestly
increase cloud water during the 3-day transition. Absorbing
aerosol in the presence of additional moisture tends to break
up the cloud more dramatically relative to the effect of ab-
sorbing aerosol without additional moisture aloft. The pres-
ence of moisture little affects the LW forcing, but leads to
substantially more net downward SW flux at TOA. Averaged
over the 3-day transition, the positive SW forcing cancels out
the negative LW forcing.
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We note that the simulations in this study are derived from
observations over the northeastern Pacific Ocean (Sandu et
al., 2010), whereas the characteristics of the overlying ab-
sorbing aerosol layer are based on observations from the
southeastern Atlantic (A15). The different large-scale meteo-
rological conditions at these two locations may limit the gen-
erality of this study to the SCT over the Atlantic. However,
we find it likely that similarly complex interactions (as sum-
marized in Table 4) do occur. Future LES and global mod-
eling studies based on conditions over the southeastern At-
lantic should be developed to evaluate the results presented
here and in Y15. This study may help inform future analyses
primarily by emphasizing the complexity of competing LW
and SW effects, and giving some indication of their relative
strengths, which lead to a wide range of indirect plus semi-
direct forcings from slightly positive to —20 Wm™2 over our
3-day simulations, depending upon assumptions made (Ta-
bles 2,9, 10, and A1). The duration of time before the absorb-
ing aerosol layer makes contact with the PBL, the strength of
drizzle prior to contact, the number concentration of aerosol
entrained after contact, and the amount of moisture accom-
panying the aerosol are all found to be factors of leading po-
tential importance to regional radiative impacts of biomass
burning over the southeastern Atlantic and elsewhere.

Data availability. All data of this study are available from the cor-
responding author (xiaoli.zhou@mail.mcgill.ca).
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Appendix A: Sensitivity to single scattering albedo of
absorbing aerosol

Figure Al compares the 3-day transition with varying val-
ues of single-scattering albedo (SSA, at 0.55 m wavelength)
for the absorbing aerosol. As discussed earlier, the micro-
physical effect of aerosol acts to greatly reduce cloud wa-
ter and hasten the SCT by virtue of enhanced entrainment.
This effect is also seen in the “SSA =1 case (no absorp-
tion) in Fig. Al. The increased entrainment is reflected by
the fact that the deepening of the PBL varies little from
the baseline simulation, despite substantially reduced cloud
cover and LWP. A decrease in SSA from 1 to 0.88 (the value
used for the absorbing aerosol throughout the study) serves
to strengthen the inversion and enhance the diurnal cycle.
These trends are greater when SSA is further reduced to
0.71, which strengthens the inversion by ~ 3 K on day 2 and
~4K on day 3, and deepens the PBL 400 m less by the end
of day 3. The strengthened inversion slightly hinders cloud
breakup while still hastening the SCT relative to the baseline
(Figs. Alb and c). Although the decrease in SSA amplified
the net negative LW forcing via the slower deepening of the
PBL, that LW forcing is more than offset by the positive SW
forcing attributable to direct absorption by the aerosol, and
therefore the 3-day mean radiative forcing increases with the
decrease in SSA. Thus, for the strongly absorbing aerosol
case (SSA =0.71) it is seen in Table A1 that the net radiative
forcing is positive on average.

Appendix B: Combined effects of overlying absorbing
aerosol in the absence of sedimentation and evaporation
effects

As seen in Fig. A2, an overlying absorbing aerosol results
in a delayed SCT when sedimentation and evaporation ef-
fects are both omitted. The lack of microphysical effects on
dynamics isolates the influence of aerosol heating, which in-
creases LWP and especially cloud cover during the night and
delays the SCT. We note that Y15 also found a delay in the
SCT, but the similarity to this result may be coincidental.
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Table Al. As in Table 2 but for absorbing aerosol with different values of single scattering albedo (SSA), and only showing averages over

the 3-day transition. For the last case the aerosol loading is reduced 5-fold.

Na, absorb Direct forcing Indirect + Total
(mg™ 1 semi-direct forcing

SW LW SW+ILW SW LW  SW+LW  SWHILW

SSA=0.71 159 -0.2 15.7 =51 =52 -10.3 54

5000 SSA =0.88 1.5 -0.2 1.3 -1.1 =29 -4.0 =2.7

SSA=1.00 -49 -0.1 -5.0 0.8 =25 -1.7 —6.7

1000 SSA =0.88 0.2 0.0 0.2 25 -19 0.6 0.8
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